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strengthened. Thirdly, effortshave been made to make the book design 
oriented keeping in view the growing demand of the industry. It ishoped 
that these features will make the book more useful. 


Authors wish to thank their colleagues and friends who have contrib- 
uted many valuable suggestions regarding the scope and content- 
sequence of the book. Authors are also indebted to M/S SChand & 
Company Ltd., New Delhiforbringing out thisrevised edition in a short time 
and pricing the book moderately inspite of heavy cost of paper and 
printing. 


Errorsmight have crept in despite utmost care to avoid them. Authors 
shall be grateful if these are pointed out along with other suggestions for 
the improvement of the book. 
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GENERAL 


n this fast developing society, electronics has come to stay as the most important branch of 
[essen Electronic devices are being used in almost all the industries for quality control 

and automation and they are fast replacing the present vast army of workers engaged in process- 
ing and assembling in the factories. Great strides taken in the industrial applications of electronics 
during the recent years have demonstrated that this versatile tool can be of great importance in in- 
creasing production, efficiency and control. 

The rapid growth of electronic technology offers a formidable challenge to the beginner, who 
may be almost paralysed by the mass of details. However, the mastery of fundamentals can simplify 
the learning process to a great extent. The purpose of this chapter is to present the elementary knowl- 
edge in order to enable the readers to follow the subsequent chapters. 


2 @ Principles of Electronics 
1.1 Electronics 


The branch of engineering 
which deals with current con- 
duction through a vacuum or 
gas or semiconductor is 
known as “electronics. 


Electronics essentially 
deals with electronic 
devices and their utilisation. 
An electronic device is that 
in which current flows through a vacuum or gas or semiconductor. Such devices have valuable 
properties which enable them to function and behave as the friend of man today. 


Current conduction through semiconductor 


Importance. Electronics has gained much importance due to its numerous applications in in- 
dustry. The electronic devices are capable of performing the following functions : 


(i) Rectification. The conversion of a.c. into d.c. is called rectification. Electronic devices 
can convert a.c. power into d.c. power (See Fig. 1.1) with very high efficiency. This d.c. supply can be 
used for charging storage batteries, field supply of d.c. generators, electroplating etc. 
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Fig. 1.1 


(ii) Amplification. The process of raising the strength of a weak signal is known as amplifica- 
tion. Electronic devices can accomplish the job of amplification and thus act as amplifiers (See Fig. 
1.2). The amplifiers are used in a wide variety of ways. For example, an amplifier is used in a radio- 
set where the weak signal is amplified so that it can be heard loudly. Similarly, amplifiers are used in 
public address system, television etc. 
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Fig. 1.2 


(ii) Control. Electronic devices find wide applications in automatic control. For example, 
speed of a motor, voltage across a refrigerator etc. can be automatically controlled with the help of 
such devices. 


(iv) Generation. Electronic devices can convert d.c. power into a.c. power of any frequency 
(See Fig. 1.3). When performing this function, they are known as oscillators. The oscillators are 
used in a wide variety of ways. For example, electronic high frequency heating is used for annealing 
and hardening. 


* The word electronics derives its name from electron present in all materials. 
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Fig. 1.3 


(vy) Conversion of light into electricity. Electronic devices can convert light into electricity. 
This conversion of light into electricity is known as photo-electricity. Photo-electric devices are used 
in Burglar alarms, sound recording on motion pictures etc. 


(vi) Conversion of electricity into light. Electronic devices can convert electricity into light. 
This valuable property is utilised in television and 
radar. Blexion Proton 


1.2 Atomic Structure 


According to the modern theory, matter is electrical 
in nature. All the materials are composed of very 
small particles called atoms. The atoms are the 
building bricks of all matter. An atom consists of a 
central nucleus of positive charge around which small 
negatively charged particles, called electrons revolve 
in different paths or orbits. 


* Neutron 


(1) Nucleus. It is the central part of an atom 
and *contains protons and neutrons. A proton is a 
positively charged particle, while the neutron has the 
same mass as the proton, but has no charge. There- Carbon Atom 
fore, the nucleus of an atom is positively charged. The sum of protons and neutrons constitutes the 
entire weight of an atom and is called atomic weight. It is because the particles in the extra nucleus 
(i.e. electrons) have negligible weight as compared to protons or neutrons. 


Nucleus 


atomic weight = no. of protons + no. of neutrons 


(2) Extra nucleus. [tis the outer part of an atom and contains electrons only. An electron is a 
negatively charged particle having negligible mass. The charge on an electron is equal but opposite to 
that on a proton. Also, the number of electrons is equal to the number of protons in an atom under 
ordinary conditions. Therefore, an atom is neutral as a whole. The number of electrons or protons in 
an atom 1s called atomic number i.e. 


atomic number = no. of protons or electrons in an atom 


The electrons in an atom revolve around the nucleus in different orbits or paths. The number and 
arrangement of electrons in any orbit is determined by the following rules : 


(i) The number of electrons in any orbit is given by 2n° where n is the number of the orbit. For 
example, 


First orbit contains 2x1° = 2electrons 
Second orbit contains 2x2° = 8 electrons 
Third orbit contains 2%x3° = 18 electrons 
* Although the nucleus of an atom is of complex structure, yet for the purpose of understanding electronics, 
this simplified picture of the nucleus is adequate. 
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and so on. 
(ii) The last orbit cannot have more than 8 electrons. 
(it) The last but one orbit cannot have more than 18 electrons. 


1.3 Structure of Elements 


We have seen that all atoms are made up of protons, neutrons and electrons. The difference between 
various types of elements is due to the different number and arrangement of these particles within 
their atoms. For example, the structure* of copper atom is different from that of carbon atom and 
hence the two elements have different properties. 


The atomic structure can be easily built up if we know the 
atomic weight and atomic number of the element. Thus taking 


ae =n @ 
- - 
. 

* 


the case of copper atom, o ; . eo @--4 
Atomic weight = 64 ri ; - a @ 
' : 3 @ eee e e 
Atomicnumber = 29 ‘ : es 
No. of protons = No. of electrons = 29 é " é ° é rs 
and No. of neutrons = 64-—29=35 : * : \. ’ : : 
Fig. 1.4 shows the structure of copper atom. It has 29 . * “e i aa ae - Pa 
electrons which are arranged in different orbits as follows. The i Qe « @ . 
first orbit will have 2 electrons, the second 8 electrons, the a Oia ccs — a 
third 18 electrons and the fourth orbit will have 1 Pi ote Z 
electron. The atomic structure of all known elements can be COPPER 
shown in this way and the reader is advised to try for a few Fig. 1.4 


commonly used elements. 


1.4 The Electron 


Since electronics deals with tiny particles called electrons, these small particles require detailed study. 
As discussed before, an electron is a negatively charged particle having negligible mass. Some of the 


important properties of an electron are : 


: -19 Energy level This electron has the 
(i) Charge onanelectron,e = 1.60210 ~ coulomb i highest energy. 


(ii) Mass of anelectron, m =9.0x10~ kg 
1.9x 107? metre 


(it) Radius of an electron, r 


The ratio e/m of an electron is 1.77 x 10'! coulombs/kg. 
This means that mass of an electron is very small as compared 
to its charge. It is due to this property of an electron that it is 
very mobile and is greatly influenced by electric or magnetic 
fields. 


1.5 Energy of an Electron 


This 4 
electron 
has the 
lowest 
energy 


An electron moving around the nucleus possesses two types 
of energies viz. kinetic energy due to its motion and potential 
energy due to the charge on the nucleus. The total 
energy of the electron is the sum of these two energies. The 


energy of an electron increases as its distance from the nucleus Energy levels increase as 
increases. Thus, an electron in the second orbit possesses more the distance from the 
energy than the electron in the first orbit; electron in the third nucleus increases 


sb 
ae 


The number and arrangement of protons, neutrons and electrons. 
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orbit has higher energy than in the second orbit.It is clear that electrons in the last orbit possess very 
high energy as compared to the electrons in the inner orbits. These last orbit electrons play an impor- 
tant role in determining the physical, chemical and electrical properties of a material. 


1.6 Valence Electrons 


The electrons in the outermost orbit of an atom are known as valence electrons. 


The outermost orbit can have a maximum of 8 electrons i.e. the maximum number of valence 
electrons can be 8. The valence electrons determine the physical and chemical properties of a material. 
These electrons determine whether or not the material 1s chemically active; metal or non-metal or, a 
gas or solid. These electrons also determine the electrical properties of a material. 


On the basis of electrical conductivity, materials are generally classified into conductors, insula- 
tors and semi-conductors. As a rough rule, one can determine the electrical behaviour of a 
material from the number of valence electrons as under : 


(1) When the number of valence electrons of an atom is less than 4 (i.e. half of the maximum 
eight electrons), the material is usually a metal and a conductor. Examples are sodium, magnesium 
and aluminium which have 1, 2 and 3 valence electrons respectively (See Fig. 1.5). 
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Fig. 1.5 


(iit) When the number of valence electrons of an atom is more than 4, the material is usually a 
non-metal and an insulator. Examples are nitrogen, sulphur and neon which have 5, 6 and 8 valence 
electrons respectively (See Fig. 1.6). 


eae 2 (27 Oe, ae @--. 
® 2 ry @ -.. @ Sie ® 
1h@t HE @ate Hes 
e. ad ‘ee e 
PHRPE : oO ow oe" 
Shc. utad x 
NITROGEN SULPHUR NEON 
(7) (ii) (it) 
Fig. 1.6 


(ii) When the number of valence electrons of an atom is 4 (i.e. exactly one-half of the 
maximum 8 electrons), the material has both metal and non-metal properties and is usually a semi- 
conductor. Examples are carbon, silicon and germanium (See Fig. 1.7). 
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Fig. 1.7 


1.7 Free Electrons 


The valence electrons of different materials possess different energies. The greater the energy of a 
valence electron, the lesser it is bound to the nucleus. In certain substances, particularly metals, the 
valence electrons possess so much energy that they are very loosely attached to the nucleus. These 
loosely attached valence electrons move at random within the material and are called free electrons. 


The valence electrons which are very loosely attached to the nucleus are known as free 


electrons. Electron Copper atom 
The free electrons f 


can be easily removed or iL Lf J _ = a=rheig 
detached by applying a - * sl 2 of "ke Wy 


small amount of external = e 
energy. As a matter of No current flows Current flows 

fact, these are the free Current moves through materials that conduct electricity. 
electrons which deter- 

mine the electrical conductivity of a material. On this basis, conductors, insulators and semiconduc- 
tors can be defined as under : 


(1) A conductor is a substance which has a large number of free electrons. When potential differ- 
ence is applied across a conductor, the free electrons move towards the positive terminal of supply, 
constituting electric current. 


(it) An insulator is a substance which has practically no free electrons at ordinary temperature. 
Therefore, an insulator does not conduct current under the influence of potential difference. 


(ii) A semiconductor is a substance which has very few free electrons at room temperature. 
Consequently, under the influence of potential difference, a 
semiconductor practically conducts no current. 


1.8 Voltage Source 

Any device that produces voltage output continuously is 
known as a voltage source. There are two types of voltage 
sources, namely ; direct voltage source and alternating volt- 
age source. 


(i) Direct voltage source. A device which produces 
direct voltage output continuously is called a direct voltage 
source. Common examples are cells and d.c. generators. An 
important characteristic of a direct voltage source is that it 


= 


Voitage source 
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maintains the same polarity of the output voltage i.e. positive and negative terminals remain the same. 
When load resistance R, is connected across such a source,*current flows from positive terminal to 
negative terminal via the load [See Fig. 1.8 (i)]. This is called direct current because it has just one 
direction. The current has one direction as the source maintains the same polarity of output voltage. 
The opposition to load current inside the d.c. source is known as internal resistance R,. The equivalent 
circuit of ad.c. source is the generated e.m.f. E, in series with internal resistance R, of the source as shown 
in Fig. 1.8 (ii). Referring to Fig. 1.8 (2), it is clear that: 


I 
" 
E, a 
T 
(ii) 


(7) 


Fig. 1.8 


E, 


R, +R 


Load current, / 


Terminal voltage, V (E, -IR) or IR, 


(ii) Alternating voltage source. A device which produces alternating voltage output continu- 
ously is known as alternating voltage source e.g. a.c. generator. An important characteristic of alter- 
nating voltage source is that it periodically reverses the polarity of the output voltage. When load 
impedance Z, is connected across such a source, current flows through the circuit that periodically 
reverses in direction. This is called alternating current. 


I 


(7) (ii) 
Fig. 1.9 
The opposition to load current inside the a.c. source is called its internal impedance Z,. The 
equivalent circuit of an a.c. source is the generated e.m.f. E, (r.m.s.) in series with internal impedance 
Z, of the source as shown in Fig. 1.9 (ii). Referring to Fig. 1.9 (7), it is clear that : 


E, 


7 TD 
(E,-1Z,)** or IZ, 


Load current, / (rm.s.) 


Terminal voltage, V 


This is the conventional current. However, the flow of electrons will be in the opposite direction. 
** Vector difference since a.c. quantities are vector quantities. 
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1.9 Constant Voltage Source 


A voltage source which has very low internal *impedance as compared with external load im- 
pedance is known as a constant voltage source. 


V 
LLJ 
© 
<< 
j— 
= 
O 
5.995Q - 
to 5 V,=5.95V 
- 0.595 Q E 
— 
© I 
0|LOADCURRENT 10A 
(ii) 
Fig. 1.10 


In such acase, the output voltage nearly remains the same when load current changes. 
Fig. 1.10 (i) illustrates a constant voltage source. Itis ad.c. source of 6 V with internal 
resistance R, = 0.005 Q2. If the load current varies over a wide range of | to 10 A, for any 
of these values, the internal drop across R, (= 0.005 &2) is less than 0.05 volt. Therefore, 
the voltage output of the source is between 5.995 to 5.95 volts. This can be considered 
constant voltage compared with the wide variations in load current. 
Fig. 1.10 (ii) shows the graph for a constant voltage source. It may be seen that the 
output voltage remains constant inspite of the changes in load current. Thus as the load 
current changes from 0 to 10 A, the output voltage essentially remains the same (i.e. Fig. 1.11 
V, = V,). A constant voltage source is represented as shown in Fig. 1.11. 


Example 1.1. A lead acid battery fitted in a truck develops 24V and has an internal 
resistance of 0.01 Q. It is used to supply current to head lights etc. If the total load is equal to 
100 watts, find : 


(i) voltage drop in internal resistance 
(ii) terminal voltage 
Soiution. 
Generated voltage, E, = 24V 
Internal resistance, R, = 0.01 Q 


Power supplied, P = 100 watts 
(i) Let J be the load current. 


Now = E,xl (‘. For an ideal source, V ~ E,) 
P _ 100 
T= —=— =417A 
E, 24 


Voltage drop in R; = 1 R,= 4.17 x 0.01 = 0.0417 V 
(i1) Terminal Voltage, V = E,—-1K; 
= 24-0.0417 = 23.96 V 


resistance in case of a d.c. source. 
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Comments : It is clear from the above example that when internal resistance of the source is 
quite small, the voltage drop in internal resistance is very low. Therefore, the terminal voltage sub- 
stantially remains constant and the source behaves as a constant voltage source irrespective of load 
current variations. 


1.10 Constant Current Source 


A voltage source that has a very high internal 
*impedance as compared with external load impedance 
is considered as a constant current source. 


In such a case, the load current nearly remains 
the same when the output voltage changes. Fig. 1.12 
(i) illustrates a constant current source. It is a d.c. 
source of 1000 V with internal resistance R, = 900 
kQ. Here, load R, varies over 3 : | range from 50 
kQ to 150 kQ. Over this variation of load R,, the Oo natant Moventeource 
circuit current J is essentially constant at 1.05 to 0.95 
mA or approximately 1 mA. It may be noted that output voltage V varies approximately in the 
same 3: 1 range as R,, although load current essentially remains **constant at lmA. The beautiful 
example of a constant current source is found in vacuum tube circuits where the tube acts as a 
generator having internal resistance as high as 1 MQ. 

Fig. 1.12 (ii) shows the graph of a constant current source. It is clear that current remains con- 
stant even when the output voltage changes substantially. The following points may be noted regard- 
ing the constant current source : 


V 


l=1mA 


R, = 900kQ 
Ry 
—— 50 - 150 kQ 
E, = 1000 V 
(i) (ii) 
Fig. 1.12 


(i) Due to high internal resistance of the source, the load current remains 
essentially constant as the load R, is varied. 
(11) The output voltage varies approximately in the same range as R,, although 
current remains constant. 
(iii) The output voltage Vis much less than the generated voltage E,, because of 
high J R, drop. 
Fig. 1.13 shows the symbol of a constant current source. 


ee  8© © © © ee 8 8 8 8 © 8 28  « 


*k Resistance in case of a d.c. source Fig 1.13 
E, E 
2k Now / = . Since R.>>R,, [= == 
R, +R K; 


As both E : and R, are constants, J is constant. 
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Example 1.2. A d.c. source generating 500 V has an internal resistance of 1000 Q. Find the 
load current if load resistance is (i) 10 Q (ii) 50 Qand (tii) 100 Q. 


Solution. 
Generated voltage, E, = 500 V 


Internal resistance, R; = 1000 Q 


(7) When R, = 102 
E 
g 500 
= = ——— = 0.495 
Load current, / R, +R, 10 + 1000 0.495 A 
(il) When R, = 50 Q 
Load current, J] = = 500. = 0.476A 
, 50 + 1000 
(ii) When R, = 100 2 
Load t, J = — 0.454A 
oad current, J = 100+ 1000 = U4 


It is clear from the above example that load current is essentially constant since R, >> R;,. 


1.11 Conversion of Voltage Source into Current Source 


Fig. 1.14 shows a constant voltage source with voltage V and internal resistance R,. Fig. 1.15 shows 
its equivalent current source. It can be easily shown that the two circuits behave electrically the same 
way under all conditions. 

(t) Ifin Fig. 1.14, the load is open-circuited (i.e. R, + © ), then voltage across terminals A and 
Bis V. Ifin Fig. 1.15, the load is open-circuited (i.e. R, + 09), then all current J (= V/R,) flows through 
R,, yielding voltage across terminals AB=1R,= V. Note that open-circuited voltage across AB is V for 
both the circuits and hence they are electrically equivalent. 


= Tal | 
CONSTANT CONSTANT CURRENT 
VOLTAGE SOURCE SOURCE 
Fig. 1.14 Fig. 1.15 
(1) If in Fig. 1.14, the load is short-circuited (i.e. R, = 0), the short circuit current is given by: 
V 
| hone = R. 


I 
If in Fig. 1.15, the load is short-circuited (i.e. R, = Q), the current / (= V/R,) bypasses R, in favour 
of short-circuit. It is clear that current (= V/R,) is the same for the two circuits and hence they are 
electrically equivalent. 
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Thus to convert a constant voltage source into a constant current source, the following 
procedure may be adopted : 


(a) Place a short-circuit across the two terminals in question (terminals AB in the present case) 
and find the short-circuit current. Let it be 7. Then /1is the current supplied by the equivalent current 
source. 


(b) Measure the resistance at the terminals with load removed and sources of e.m.f's replaced by 
their internal resistances if any. Let this resistance be R. 


(c) Then equivalent current source can be represented by a single current source of magnitude 
Zin parallel with resistance R. 


Note. To convert a current source of magnitude / in parallel with resistance R into voltage source, 
Voltage of voltage source, V = JR 
Resistance of voltage source, R = R 


Thus voltage source will be represented as voltage V in series with resistance R. 


Example 1.3. Convert the constant voltage source shown in Fig. 1.16 into constant current 
source. 


Solution. The solution involves the following steps : 

(i) Place a short across AB in Fig. 1.16 and find the short-circuit current J. 
Clearly, J = 10/I0=1A 

Therefore, the equivalent current source has a magnitude of 1 A. 


(a) Measure the resistance at terminals AB with load *removed and 10 V source replaced by its internal 
resistance. The 10 V source has negligible resistance so that resistance at terminals AB is R= 10 Q. 


10Q 
fo 
10 V 
ee 


Fig. 1.16 Fig. 1.17 


oA 


(ii) The equivalent current source is a source of 1 A in parallel with a resistance of 10 Q as 
shown in Fig. 1.17. 


Example 1.4. Convert the constant current source in Fig. 1.18 into equivalent voltage source. 


A 2kQ 4 
6mA 2kQ | 12V 
B B 
Fig. 1.18 Fig. 1.19 


Solution. The solution involves the following steps : 


Fortunately, no load is connected across AB. Had there been load across AB, it would have been removed. 
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(i) To get the voltage of the voltage source, multiply the current of the current source by the 
internal resistance i.e. 

Voltage of voltage source = TR = 6MAX2kQ = 12V 

(ii) The internal resistance of voltage source is 2 k Q. 


The equivalent voltage source is a source of 12 V in series with a resistance of 2 k Q as shown in 
Fig. 1.19. 


Note. The voltage source should be placed with +ve terminal in the direction of current flow. 


1.12 Maximum Power Transfer Theorem 


When load is connected across a voltage source, power is transferred from the source to the load. The 
amount of power transferred will depend upon the load resistance. If load resistance R, is made equal 
to the internal resistance R, of the source, then maximum power is transferred to the load R,. This is 
known as maximum power transfer theorem and can be stated as follows : 

Maximum power is transferred from a source to a load when the load resistance is made equal 
to the internal resistance of the source. 

This applies to d.c. as well as a.c. power.* 

To prove this theorem mathematically, consider a voltage source of generated voltage E and 
internal resistance R, and delivering power to a load resistance R, [See Fig. 1.20 (i)]. The current / 
flowing through the circuit is given by : 


i = 


...(7) 


Power delivered to the load, P 


(i) (ii) 
Fig. 1.20 


For a given source, generated voltage E and internal resistance R, are constant. Therefore, power 
delivered to the load depends upon R,. In order to find the value of R, for which the value of P is 
maximum, it is necessary to differentiate eq. (i) w.r.t. R, and set the result equal to zero. 


R, +R) -2R,(R, +R 
Thus, dPo_ fp? AS ED _¢ 
dR, (R, + R) 
or (R, +R) -2R,(R, +R) = 0 
or (R, +R) (R,+R,-2R,) = 0 
or (R,+R)(R,-R,) = 0 


As power is concerned with resistance only, therefore, this is true for both a.c. and d.c. power. 
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Since (R, + R,) cannot be zero, 


ee R, — R, = 0) 
or R, = R, 
L.é. Load resistance = Internal resistance 


Thus, for maximum power transfer, load resistance R, must be equal to the internal resistance R;, 
of the source. 


Under such conditions, the load is said to be matched to the source. Fig. 1.20 (ii) shows a graph 
of power delivered to R, as a function of R,. Itmay be mentioned that efficiency of maximum power 
transfer is *50% as one-half of the total generated power is dissipated in the internal resistance R, of 
the source. 


Applications. Electric power systems never operate for maximum power transfer because of 
low efficiency and high voltage drops between generated voltage and load. However, in the elec- 
tronic circuits, maximum power transfer is usually desirable. For instance, in a public address sys- 
tem, it is desirable to have load (i.e. speaker) “matched” to the amplifier so that there is maximum 
transference of power from the amplifier to the speaker. In such situations, efficiency is **sacrificed 
at the cost of high power transfer. 


Example 1.5. A generator develops 200 V and has an internal resistance of 100 Q. Find the 
power delivered to a load of (i) 100 Q (ii) 300 2. Comment on the result. 


Solution. 
Generated voltage, EF = 200 V 
Internal resistance, R, = 100 Q 
(t) When load R, = 100 Q 
E 200 


———_ = ————_ = 1A 
R, + & 100 + 100 


Power delivered to load r R, = (1)° x 100 = 100 watts 
Total power generated = r (R, +R) = 17 (100 + 100) = 200 watts 


Thus, out of 200 W power developed by the generator, only 100W has reached the load i.e. 
efficiency is 50% only. 


(il) When load R, = 300 Q 


Load current, / 


~~ Fo _ _ 200, 
Load current, / RL +R 300 +100 - OSA 


Power delivered to load = IR, = (0.5)° x 300 = 75 watts 


Total power generated = r (R, +R) = (0.5)° (300 + 100) = 100 watts 


Thus, out of 100 watts of power produced by the generator, 75 watts is transferred to the load 7.e. 
efficiency is 75%. 


Comments. Although in case of R, = R,, a large power (100 W) is transferred to the load, but 
there is a big wastage of power in the generator. On the other hand, when R, is not equal to R,, the 
=<T2Le wate ee ee eee ee 
output power _ IR, 

, oo Pees 
input power I” (R, + R) 
= R,/2R,=1/2=50% (. R, =R,) 
** — Electronic devices develop small power. Therefore, if too much efficiency is sought, a large number of 


such devices will have to be connected in series to get the desired output. This will distort the output as 
well as increase the cost and size of equipment. 


* Efficiency 
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power transfer is less (75 W) but smaller part is wasted in the generator i.e. efficiency is high. Thus, 
it depends upon a particular situation as to what the load should be. If we want to transfer maximum 
power (e.g. in amplifiers) irrespective of efficiency, we should make R, = R,. However, if efficiency 
is more important (e.g. in power systems), then internal resistance of the source should be consider- 


ably smaller than the load resistance. 


Example 1.6. An audio amplifier produces 
an alternating output of 12 V before the connec- 
tion to a load. The amplifier has an equivalent 
resistance of 15 Q at the output. What 
resistance the load need to have to produce maxi- 
mum power ? Also calculate the power output 
under this condition. 


LOAD 
R,=15 


Le | 


Soiution. In order to produce maximum AMBER 
power, the load (e.g. a speaker) should have a re- 
sistance of 15 Q to match the amplifier. The equiva- Fig. 1.21 
lent circuit is shown in Fig. 1.21. 
Load required, R, = 15Q 
Circuit current, J = TY = = 0.4A 
Ry; 15 + 15 


Power delivered to load, P = I’ R, = (0.4)°x15 = 2.4W 


Example 1.7. For the a.c. generator shown in Fig. 1.22 (i), find (i) the value of load so that 
maximum power is transferred to the load (ii) the value of maximum power. 


100 Q 1002 
= 1002 
a = 502 


Fig. 1.22 


Solution. 


(ii) 


(1) Ina.c. system, maximum power is delivered to the load impedance (Z, ) when load imped- 
ance is conjugate of the internal impedance (Z,) of the source. Now in the problem, Z, = (100 + j50)Q. 
For maximum power transfer, the load impedance should be conjugate of internal impedance i.e. Z, 
should be (100 —j50) &. This is shown in dotted line in Fig. 1.22 (ii). 


Z, = (100 —j50) Q 


(ii) Total impedance, Z, = Z,+ Z, = (100 +750) + (100 —j50) = 200 Q* 


Circuit current, / dl 30 


Maximum power transferred to the load = r R, = 


Zz 3 


(0.25) x 100 = 6.25 W 


Note that by making internal impedance and load impedance conjugate, the reactive terms cancel. The 
circuit then consists of internal and external resistances only. This is quite logical because power is only 
consumed in resistances as reactances (X, or X,.) consume no power. 
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1.13 Thevenin’s Theorem 

Sometimes it is desirable to find a particular branch current in a circuit as the resistance of that 
branch is varied while all other resistances and voltage sources remain constant. For instance, in the 
circuit shown in Fig. 1.23, it may be desired to find the current through R, for five values of R,, 
assuming that R,, R,, R, and EF remain constant. In such situations, the “solution can be obtained 
readily by applying Thevenin’s theorem stated below : 

Any two-terminal network containing a number of e.m.f. sources and resistances can be re- 
placed by an equivalent series circuit having a voltage source E, in series with a resistance Ry where, 

E, = open circuited voltage between the two terminals. 

R, = the resistance between two terminals of the circuit obtained by looking “in” at 
the terminals with load removed and voltage sources replaced by their internal 
resistances, if any. 

To understand the use of this theorem, consider the two-terminal circuit shown in Fig. 1.23. The 
circuit enclosed in the dotted box can be replaced by one voltage E, in series with resistance R, as 
shown in Fig. 1.24. The behaviour at the terminals AB and A’B’ is the same for the two circuits, 
independent of the values of R, connected across the terminals. 


ACTIVE CIRCUIT THEVENIN’S EQUIVALENT CKT. 
Fig. 1.23 Fig. 1.24 


(1) Finding E,. This is the voltage between terminals A and B of the circuit when load R, is 
removed. Fig. 1.25 shows the circuit with load removed. The voltage drop across R, is the desired 
voltage Ep. 


Current through R, = 


Voltage across R,, E, = (ee) R, 


Thus, voltage E, is determined. 


Fig. 1.25 Fig. 1.26 


* Solution can also be obtained by applying Kirchhoff’s laws but it requires a lot of labour. 
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(i) Finding R,. This is the resistance between terminals A and B with load removed and e.m.f. 
reduced to zero (See Fig. 1.26). 


Resistance between terminals A and B is 


R, = parallel combination of R, and R, in series with R, 


KR, 
= ——~+R, 
R, + R, 
Thus, the value of R, is determined. Once the values of E, and R, are determined, then the 
current through the load resistance R, can be found out easily (Refer to Fig. 1.24). 


1.14 Procedure for Finding Thevenin Equivalent Circuit 


(i) Open the two terminals (i.e. remove any load) between which you want to find Thevenin 
equivalent circuit. 


(ii) Find the open-circuit voltage between the two open terminals. It is called Thevenin voltage 


E,. 


(iii) Determine the resistance between the two open terminals with all ideal voltage sources 


shorted and all ideal current sources opened (a non-ideal source is replaced by its internal 
resistance). It is called Thevenin resistance Rp. 


(tv) Connect E, and R, in series to produce Thevenin equivalent circuit between the two termi- 
nals under consideration. 


(vy) Place the load resistor removed in step (i) across the terminals of the Thevenin equivalent 
circuit. The load current can now be calculated using only Ohm’s law and it has the same 
value as the load current in the original circuit. 


Example 1.8. Using Thevenin’s theorem, find the current through 100 Q resistance connected 
across terminals A and B in the circuit of Fig. 1.27. 


10Q 12Q 


100 Q 


Fig. 1.27 


Solution. 
(i) Finding E,. It is the voltage across terminals A and B with 100 Q resistance removed as 
shown in Fig. 1.28. 
E, = (Current through 8 Q)x8 Q = 2.5*x8 = 20V 


By solving this series-parallel circuit. 
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10Q 12Q 


10Q 12Q 


20.2 sQS +R, 


~B 
Fig. 1.28 Fig. 1.29 
(11) Finding R,. It is the resistance between terminals Ry = 5.69 


A and B with 100 Q removed and voltage source short cir- 
cuited as shown in Fig. 1.29. 


Ro 


Resistance looking in at terminals A “== 
and B in Fig. 1.29 | Ey = 20 V 


—— 


10 x 20 
px +128 Lo 


0x29 412] +8 


100 Q 


B 
Fig. 1.30 


10 + 20 


5.6 QQ 


Therefore, Thevenin’s equivalent circuit will be as shown in Fig. 1.30. Now, current through 100 
(2 resistance connected across terminals A and B can be found by applying Ohm’s law. 


Current through 100 Q resistor = a -_20__ = 9.194 
R, +R, 5.6+ 100 


Example 1.9. Find the Thevenin’s equivalent circuit for Fig. 1.31. 


Solution. The Thevenin’s voltage E, is the voltage across terminals A and B. This voltage is 
equal to the voltage across R,. It is because terminals A and B are open circuited and there is no 
current flowing through R, and hence no voltage drop across it. 


1kQ 1kQ Ry = 1.5kQ 
= ™ 
T By=10V 
| B 
Fig. 1.32 
E, = Voltage across R, 
R, 1 
= xV = ——x20 = 10V 
R, + R, 1+1 


The Thevenin’s resistance R, is the resistance measured between terminals A and B with no load 
(i.e. open at terminals A and B) and voltage source replaced by a short circuit. 


RR 
hee sie 2 iis 
R +R, Lad 


Therefore, Thevenin’s equivalent circuit will be as shown in Fig. 1.32. 
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Example 1.10. Calculate the value of load resistance R, to which maximum power may be 
transferred from the circuit shown in Fig. 1.33 (i). Also find the maximum power. 


40 Q 60 Q Ry = 73.33 Q 


Ry 


B 
(7) (it) 
Fig. 1.33 
Solution. We shall first find Thevenin’s equivalent circuit to the left of terminals AB in 
Fig. 1.33 (2). 
E, = Voltage across terminals AB with R, removed 
120 
40 + 20 a 


Ry) = Resistance between terminals A and B with R, removed and 120 V source 
replaced by a short 
= 60 + (40 Q Il 20 Q) = 60+ (40 x 20)/60 = 73.33 Q 

The Thevenin’s equivalent circuit to the left of terminals AB in Fig. 1.33 (i) is E, (= 40 V) in 
series with R, (= 73.33 Q). When R, is connected between terminals A and B, the circuit becomes as 

shown in Fig. 1.33 (ii). Itis clear that maximum power will be transferred when 

R, = Ry, = 73.33 Q 
Ey _ _ (40) 


= = ——s C= 545 
Maximum power to load aR, 4% 7333 45 'W 


Comments. This shows another advantage of Thevenin’s equivalent circuit of anetwork. Once 
Thevenin’s equivalent resistance RK, is calculated, it shows at a glance the condition for maximum 
power transfer. Yet Thevenin’s equivalent circuit conveys another information. Thus referring to 
Fig. 1.33 (ii), the maximum voltage that can appear across terminals A and Bis 40 V. This is not so 
obvious from the original circuit shown in Fig. 1.33 (i). 


Example 1.11. Calculate the current in the 50 Q resistor in the network shown in Fig. 1.34. 


100 Q ; 30 9 20 Q 20 Q 


50 Q 


Fig. 1.34 
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Solution. We shall simplify the circuit shown in Fig. 1.34 by the repeated use of Thevenin’s 
theorem. We first find Thevenin’s equivalent circuit to the left of *XX. 


52 * 30a * 20 200.2 


50 Q 


x r 


Fig. 1.35 
80 

EE, = ————— x 100 =40V 

"100 + 100 
100 x 100 
Ry = 10011 100 = 100 + 100 = 50 Q 
Therefore, we can replace the circuit to the left of XX in Fig. 1.34 by its Thevenin’s equivalent 
circuit viz. E, (= 40V) in series with Ry (= 50 Y Z 


402 4, 202 , 202 


(2). The original circuit of Fig. 1.34 then 
reduces to the one shown in Fig. 1.35. 


We shall now find Thevenin’s equivalent 


circuit to left of YY in Fig. 1.35. 50 Q 
, 40 
E, = —<—————~ = 
°= 50430480 <0 | 
80 x 80 ° 
x 
R, = (50 + 30) 180 = 80480 = 40 Q Fig. 1.36 


We can again replace the circuit to the left of YY in Fig. 1.35 by its Thevenin’s equivalent 
circuit. Therefore, the original circuit reduces to that shown in Fig. 1.36. 


Xx Xx 
(a) (D) 
80 
E, = tin 100 Q x 100 Q = ——— x 100 =4 Fig. 
0 Current in 100 Q x 100 100 + 100 OV [See Fig. (a)] 
R, = Resistance looking in the open terminals in Fig. (5) 


100 x 100 _ 


100 + 100 = 


100 Il 100 = 
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Using the same procedure to the left of ZZ, we have, J 30 a 20 Q 
wt 20 
E = ——— ~x 60 =10V 
: 40 + 20 + 60 
R” = (a 0) _ 60 x 60 _ Q 
0 (40 + 20) Il 60 60 + 60 30 
The original circuit then reduces to that shown in Fig. 1.37. 7 


By Ohm’s law, current J in 50 Q resistor is 


10 
T= 304+20+50 =91A 


1.15 Norton's Theorem 


Fig. 1.38 (i) shows a network enclosed in a box with two terminals A and B brought out. The network 
in the box may contain any number of resistors and e.m.f. sources connected in any manner. But 
according to Norton, the entire circuit behind terminals A and B can be replaced by a current source 
of output J, in parallel with a single resistance R, as shown in Fig. 1.38 (ii). The value of J, is 
determined as mentioned in Norton’s theorem. The resistance R,, is the same as Thevenin’s resistance 
R,. Once Norton’s equivalent circuit is determined [See Fig. 1.38 (ii)], then current through any load 
R, connected across terminals AB can be readily obtained. 


A 
COMPLEX 
NETWORK a! a? 
B 
(7) (i) 


Fig. 1.38 


Hence Norton’s theorem as applied to d.c. circuits may be stated as under : 


Any network having two terminals A and B can be replaced by a current source of output I, in 
parallel with a resistance Ry. 


(i) The output I, of the current source is equal to the current that would flow through AB when 
terminals A and B are short circuited. 


(1) The resistance Ry is the resistance of the network measured between terminals A and B with 
load (R, ) removed and sources of e.mf. replaced by their internal resistances, if any. 


Norton’s theorem is converse of Thevenin’s theorem in that Norton equivalent circuit uses a 
current generator instead of voltage generator and resistance R, (which is the same as R,) in parallel 
with the generator instead of being in series with it. 


Illustration. Fig. 1.39 illustrates the application of Norton’s theorem. As far as circuit behind 
terminals AB is concerned [See Fig. 1.39 (i)], it can be replaced by a current source of output /, in 
parallel with a resistance R,,as shown in Fig. 1.39 (iv). The output /,, of the current generator is equal 
to the current that would flow through AB when terminals A and B are short-circuited as shown in 
Fig. 1.39 (ii). The load R’ on the source when terminals AB are short-circuited is given by : 

R,R, — RR,+RR+ RR, 


R’ = R+—2 
R, + R, R, + R, 
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; Ve. V(R, + R;) 
Source current, J’ = — = ————*+——*"——_ 
R R, R, + R, R, + R, R, 
Short-circuit current, J,, = Current in R, in Fig. 1.39 (ii) 
2 fs Ry VR, 


R, + R, R, R, + RR, + RK, R, 


(iii) 


Fig. 1.39 


To find Ry, remove the load R, and replace the voltage source by a short circuit because its 
resistance is assumed zero [See Fig. 1.39 (iii)]. 


Ry = Resistance at terminals AB in Fig. 1.39 (iii). 
R, R, 
R, + R;, 


R, + 


Thus the values of /,, and R,, are known. The Norton equivalent circuit will be as shown in 
Fig. 1.39 (iv). 


1.16 Procedure for Finding Norton Equivalent Circuit 


(i) Open the two terminals (i.e. remove any load) between which we want to find Norton equiva- 
lent circuit. 

(ii) Put a short-circuit across the terminals under consideration. Find the short-circuit current 
flowing in the short circuit. It is called Norton current /,,. 

(iii) Determine the resistance between the two open terminals with all ideal voltage sources 
shorted and all ideal current sources opened (a non-ideal source is replaced by its internal 
resistance). It is called Norton’s resistance Ry. It is easy to see that Ry = Ro. 

(tv) Connect J,, and R,, in parallel to produce Norton equivalent circuit between the two 
terminals under consideration. 
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(v) Place the load resistor removed in step (i) across the terminals of the Norton equivalent 
circuit. The load current can now be calculated by using current-divider rule. This load current will be 
the same as the load current in the original circuit. 


Example 1.12. Using Norton’s theorem, find the current in 8 Q resistor in the network shown in 
Fig. 1.40 (i). 

Solution. We shall reduce the network to the left of AB in Fig. 1.40 (i) to Norton’s equivalent 
circuit. For this purpose, we are required to find /,, and Ry. 


(i) With load (i.e., 8 Q) removed and terminals AB short circuited [See Fig. 1.40 (ii)], the 
current that flows through AB is equal to /,. Referring to Fig. 1.40 (i), 


Load onthe source = 4024+5Q(|16Q 


5x6 


= 4+ = 6.727 &2 
5+ 6 


Source current, ’ = 40/6.727=5.94A 


40 SO Ff 


B 
(7) (it) 
Fig. 1.40 
Short-circuit current in AB, I, = I' x 5 ° 5 = 5.94x 6/11 = 3.24A 


(it) With load (i.e., 8 &2) removed and battery replaced by a short (since its internal resistance is 
assumed zero), the resistance at terminals AB is equal to R,, as shown in Fig. 1.41 (7). 


4Q 5Q 4 A 
< 
Ry +t 

60 ._—— on TAQ 80 

T 
wt 

B B 

(7) 


(ii) 
Fig. 1.41 
4x6 


Ry = 50440116 Q ue ee = 7.4Q 


The Norton’s equivalent circuit behind terminals AB is J, (= 3.24 A) in parallel with R, (= 7.4 Q). 
When load (i.e., 8 @) is connected across terminals AB, the circuit becomes as shown in 
Fig. 1.41 (ii). The current source is supplying current to two resistors 7.4 Q and 8 Q in parallel. 

7.4 


= 1.55 
8 + 7.4 ais 


Current in 8 Qresistor = 3.24 x 
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Example 1.13. Find the Norton equivalent circuit at terminals X — Y in Fig. 1.42. 


Solution. We shall first find the Thevenin equivalent 200 100 
circuit and then convert it to an equivalent current source. This 
will then be Norton equivalent circuit. 
xX 
Finding Thevenin Equivalent circuit. To find E,, 30 V 18 V 
refer to Fig. 1.43 (7). Since 30 V and 18 V sources are in opposi- r 
tion, the circuit current J is given by : 
30-18 _ 12 Fig. 1.42 
b= F460 ee . 
Applying Kirchhoff’s voltage law to loop ABCDA, we have, 
30 — 20 x 0.4-E, =0  £,=30-8=22V 
B 209 c 10 209 100 
+ = 
xXyot 
30 V | Fy 18V Short Short 
Y _ 
A D 
(1) (11) 
Fig. 1.43 


To find Rp, we short both voltage sources as shown in Fig. 1.43 (ii). Notice that 10 Q and 20 Q 
resistors are then in parallel. 
10 x 20 
10 + 20 


Therefore, Thevenin equivalent circuit will be as shown in Fig. 1.44 (7). Now it is quite easy to 
convert it into equivalent current source. 


R, = 10Q1120Q2= = 6.672 


Ey _ 22 . .. 
oa R, - 667 = 3.3A [See Fig. 1.44 (ii)] 

Ry = R, = 6.67 Q 

6.672 x ly 6672 x 
22 V | 22 V 

Y Y 

(1) (ii) (iil) 
Fig. 1.44 


Fig. 1.44 (iii) shows Norton equivalent circuit. Observe that the Norton equivalent resistance has 
the same value as the Thevenin equivalent resistance. Therefore, R, is found exactly the same way. 


24 @ Principles of Electronics 


Example 1.14. Show that when Thevenin’s equivalent circuit of a network is converted into 
Norton’s equivalent circuit, I, = E,/Ry and Ry = Rg Here E, and R, are Thevenin voltage and 
Thevenin resistance respectively. 


Solution. Fig. 1.45 (7) shows a network enclosed in a box with two terminals A and B brought 
out. Thevenin’s equivalent circuit of this network will be as shown in Fig. 1.45 (ii). To find Norton’s 
equivalent circuit, we are to find J,,and Ry. Referring to Fig. 1.45 (ii), 


Iy = Current flowing through short-circuited AB in Fig. 1.45 (i) 
Ry = Resistance at terminals AB in Fig. 1.45 (ii) 
= Rg 
Fig. 1.45 (iii) shows Norton’s equivalent circuit. Hence we arrive at the following two important 
conclusions : 
(i) To convert Thevenin’s equivalent circuit into Norton’s equivalent circuit, 


ly = EJR, 3 Ry=R, 
Network —— 
=F 
(i) Gi) 7 (iii) 
Fig, 1.45 


(it) To convert Norton’s equivalent circuit into Thevenin’s equivalent circuit, 


E, = IyRy 3 Ry = Ry 


1.17 Chassis and Ground 


It is the usual practice to mount the electronic components on a metal base called chassis. For example, 
in Fig. 1.46, the voltage source and resistors are connected to the chassis. As the resistance of chassis is 
very low, therefore, it provides a conducting path and may be considered as a piece of wire. 


I 30 I 40 fr 32 L 492 


6Q 


(~) 22 62 


METAL CHASSIS 


Fig. 1.46 Fig. 1.47 
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It is customary to refer to the chassis as ground. Fig. 1.47 shows the symbol for chassis. It may 


be seen that all points connected to chassis are shown as grounded and represent the same potential. 
The adoption of this scheme (i.e. showing points of same potential as grounded) often simplifies the 
electronic circuits. In our further discussion, we shall frequently use this scheme. 


MULTIPLE-CHOICE QUESTIONS 


1. The outermost orbit of an atom can have a 


maximum Of .............. electrons. 
(i) 8 (ii) 6 
(iii) 4 (iv) 3 


2. When the outermost orbit of an atom has 
less than 4 electrons, the material is gener- 
ALLY a ceccasneedsaes 
(i) non-metal (ii) metal 

(iii) semiconductor (iv) none of above 

3. The valence electrons have .............. 
(i) very small energy 
(ii) least energy 

(iii) maximum energy 
(iv) none of the above 

4. A large number of free electrons exist in 

(1) semiconductors (ii) metals 


(iii) insulators (iv) non-metals 


5. An ideal voltage source has .............. inter- 
nal resistance. 
(i) small (ii) large 
(iii) infinite (iv) zero 
6. An ideal current source has .............. inter- 


nal resistance. 
(i) infinite (ii) zero 
(iii) small (iv) none of the above 
7. Maximum power is transferred if load 
resistance is equal to .......... of the source. 
(i) half the internal resistance 
(ii) internal resistance 
(iii) twice the internal resistance 
(iv) none of the above 
8. Efficiency at maximum power transfer is 
(1) 75% (li) 25% 
(tii) 90% (iv) 50% 
9. When the outermost orbit of an atom has 
exactly 4 valence electrons, the material is 
generally .............. 


(i) a metal (ii) anon-metal 


(iii) a semiconductor 
(iv) an insulator 
10. Thevenin’s theorem replaces a complicated 
circuit facing a load by an.............. 

(i) ideal voltage source and parallel resistor 
(ii) ideal current source and parallel resistor 
(iii) ideal current source and Series resistor 
(iv) ideal voltage source and Series resistor 

11. The output voltage of an ideal voltage 
SOULCE 1S sa dicssnecee 
(i) zero (ii) constant 
(iii) dependent on load resistance 
(iv) dependent on internal resistance 
12. The current output of an ideal current source 


(i) zero (ii) constant 
(iii) dependent on load resistance 
(iv) dependent on internal resistance 
13. Norton’s theorem replaces a complicated 
circuit facing a load by an.............. 
(i) ideal voltage source and parallel resistor 
(ii) ideal current source and parallel resistor 
(iii) ideal voltage source and series resistor 
(iv) ideal current source and series resistor 
14. The practical example of ideal voltage 
SOULCE IS ......ceeceeee 
(i) lead-acid cell (ii) dry cell 
(iii) Daniel cell (iv) none of the above 
15. The speed of electrons in vacuum is 
seichettees than in a conductor. 
(i) less (ii) much more 
(iii) much less (iv) none of the above 
16. Maximum power will be transferred from a 
source of 10 @ resistance to a load of 
(1) 5Q (ti) 20 Q 
(iii) 10 Q (iv) 40 Q 
17. When the outermost orbit of an atom has 
more than 4 electrons, the material is gen- 
erally a... 
(i) metal 
(iii) semiconductor (iv) none of the above 


(ii) non-metal 
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18. An ideal source consists of 5 V in series with 
10 kQ resistance. The current magnitude 
of equivalent current source IS ...........6. 

(i) 2mA (ti) 3.5 mA 
(iii) O.SmA (iv) none of the above 

19. To get Thevenin voltage, you have to 
(i) short the load resistor 
(ii) open the load resistor 

(iii) short the voltage source 
(iv) open the voltage source 

20. To get the Norton current, you have to 
(i) short the load resistor 
(ii) open the load resistor 

(iii) short the voltage source 
(iv) open the voltage source 

21. The open-circuited voltage at the terminals 
of load R, in a network is 30 V. Under the 
conditions of maximum power transfer, the 
load voltage will be .............. 

(i) 30V (ii) 1OV 
(ii) SV (iv) 15 V 
22. Under the conditions of maximum power 


transfer, a voltage source is delivering a 
power of 30 W to the load. The power 
produced by the source is .............. 


(i) 45 W (ii) 60 W 
(iti) 30 W (iv) 90 W 
23. The maximum power transfer theorem is 
uSed iN ...........44. 


(i) electronic circuits 
(ii) power system 
(iii) home lighting circuits 
(iv) none of the above 
24. The Norton resistance of a network is 20 Q 
and the shorted-load current is 2 A. If the 
network is loaded by a resistance equal to 
20 Q, the current through the load will be 
(i) 2A (ii) O.SA 
(iii) 4A (iv) LA 
25. The Norton current is sometimes called the 
(i) shorted-load current 
(ii) oOpen-load current 
(iii) Thevenin current 
(iv) Thevenin voltage 


Answers to Multiple-Choice Questions 


(ii) . (iii) 4. (ii) 
(ii) . (iv) . (iii) 


(ii) , iD ui) 
(ii) . (iii) Y 
(ii) me . (iv) 


Chapter Review ‘Topics 


What is electronics ? Mention some important applications of electronics. 
Describe briefly the structure of atom. 

Explain how valence electrons determine the electrical properties of a material. 
Explain constant voltage and current sources. What is their utility ? 

Derive the condition for transfer of maximum power from a source to a load. 


aS 


State and explain Thevenin’s theorem. 


a 


Write short notes on the following : 


(i) Atomic structure (ii) Valence electrons (iii) Free electrons 


Problems 


1. Adry battery developing 12 V has an internal resistance of 10 Q. Find the output current if load is 
(i) 100 Q (ii) 10 Q (aii) 2 Q and (iv) 1 Q. [@) 0.1A (i) 0.6A Gi) 1A (iv) 1. 1A] 

2. Convert the current source in Fig. 1.48 into the equivalent voltage source. 
[36 V in series with 900 Q] 
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8kQ 
24 V 
40 mA 900 Q 
Fig. 1.48 Fig. 1.49 


3. Convert the voltage source in Fig. 1.49 into equivalent current source. [3 mA in parallel with 8 kQ] 
4. Using Norton’s Theorem, find the current in branch AB containing 6 Q resistor of the network shown 


in Fig. 1.50. [0.466 A] 
4.0 4 5Q 
A 
; dhe 
B 
B 
Fig, 1.50 Fig, 1.51 


5. Fig. 1.51 shows Norton’s equivalent circuit of a network behind terminals A and B. Convert it into 
Thevenin’s equivalent circuit. [2.56 V in series with 1.71 Q] 


22 
Fig, 1.52 Fig, 1.53 


6. A power amplifier has an internal resistance of 5 Q and develops open circuited voltage of 12 V. Find 
the efficiency and power transferred to a load of (7) 20 Q (1) 5 Q. ~=[@ 80%, 4.6 W (ii) 50%, 7.2 W] 


7. Using Thevenin’s theorem, find the current through the galvanometer in the Wheatstone bridge shown 
in Fig. 1.52. [38.6 pA] 


8. Using Thevenin’s theorem, find the current through 4 Q resistor in the circuit of Fig. 1.53. [0.305A] 
Discussion Questions 


Why are free electrons most important for electronics ? 
Why do insulators not have any free electrons ? 


Where do you apply Thevenin’s theorem ? 
Why is maximum power transfer theorem important in electronic circuits ? 
What are the practical applications of a constant current source ? 


2.1 Electron Emission 

2.2 Types of Electron Emission 

2.3 Thermionic Emission 

2.4  Thermionic Emitter 

2.5 Commonly Used Thermionic Emitters 
2.6 | Cathode Construction 

2.7 Field Emission 

2.8 | Secondary Emission 


2.9 Photo Electric Emission 


INTRODUCTION 


he reader is familiar with the current conduction (i.e. flow of electrons) through a conduc- 

tor. The valence electrons of the conductor atoms are loosely bound to the atomic nuclei. At 

room temperature, the thermal energy in the conductor is adequate to break the bonds of the 
valence electrons and leave them unattached to any one nucleus. These unbound electrons move at 
random within the conductor and are known as 
free electrons. If an electric field is applied across 
the conductor, these free electrons move through 
the conductor in an orderly manner, thus consti- 
tuting electric current. This is how these free elec- 
trons move through the conductor or electric cur- 
rent flows through a wire. 


Many electronic devices depend for their op- 
eration on the movement of electrons in an evacu- 
ated space. For this purpose, the free electrons 
must be ejected from the surface of metallic con- Electron Emission 


Electron Emission @ 29 


ductor by supplying sufficient energy from some external source. This is known as electron emission. 
The emitted electrons can be made to move in vacuum under the influence of an electric field, thus 
constituting electric current in vacuum. In this chapter, we shall confine our attention to the various 
aspects of electron emission. 


2.1 Electron Emission 


The liberation of electrons from the surface of a substance is known as electron emission. 


For electron emission, metals are used because they FREE 

have many free electrons. If a piece of metal is ELECTRON SURFACE 
investigated at room temperature, the random motion 
of free electrons is as shown in Fig. 2.1. However, these 
electrons are free only to the extent that they may transfer 
from one atom to another within the metal but they 
cannot leave the metal surface to provide electron 
emission. It is because the free electrons that start at 
the surface of metal find behind them positive nuclei 
pulling them back and none pulling forward. Thus at 
the surface of a metal, a free electron encounters forces 
that prevent it to leave the metal. In other words, the 
metallic surface offers a barrier to free electrons and is 
known as surface barrier. 


Fig. 2.1 


However, if sufficient external energy is given to the free electron, its kinetic energy is increased 
and thus electron will cross over the surface barrier to leave the metal. This additional energy required 
by an electron to overcome the surface barrier of the metal is called work function of the metal. 


The amount of additional energy required to emit an electron from a metallic surface is known 
as work function of that metal. 


Thus, if the total energy required to liberate an electron from a metal is 4 eV* and the energy 
already possessed by the electron is 0.5 eV, then additional energy required (i.e., work function) is 
4.0—0.5 = 3.5 eV. The work function of pure metals varies roughly from 2 to 6 eV. It depends upon 
the nature of metal, its purity and the conditions of its surface. It may be noted that it is desirable that 
metal used for electron emission should have low work function so that a small amount of energy is 
required to cause emission of electrons. 


2.2 Types of Electron Emission 


The electron emission from the surface of a metal is possible only if sufficient additional energy 

(equal to the work function of the metal) is supplied from some external source. This external energy 

may come from a variety of sources such as heat energy, energy stored in electric field, light energy or 

kinetic energy of the electric charges bombarding the metal surface. Accordingly, there are following 
four principal methods of obtaining electron emission from the surface of a metal : 

* Work function is the additional energy required for the liberation of electrons. Therefore, it should have 
the conventional unit of energy i.e. joules. But this unit is very large for computing electronics work. 
Therefore, in practice, a smaller unit called electron volt (abbreviated as eV) is used. 

One electron-volt is the amount of energy acquired by an electron when it is accelerated through a poten- 
tial difference of I V. 


Thus, if an electron moves from a point of 0 potential to a point of +10V, then amount of energy acquired 
by the electron is 10 eV. 


Since charge on an electron = 1.602 x 10 Cand voltage = | V, 
1 electron-volt = Q V =(1.602 x iy) aa Ie | 
or leV = 1.602x10 J 
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(i) Thermionic emission. In this method, the metal is heated to sufficient temperature (about 
2500°C) to enable the free electrons to leave the metal surface. The number of electrons emitted 
depends upon the temperature. The higher the temperature, the greater is the emission of electrons. 
This type of emission is employed in vacuum tubes. 

(ii) Field emission. In this method, a strong electric field (i.e. a high positive voltage) is 
applied at the metal surface which pulls the free electrons out of metal because of the attraction of 
positive field. The stronger the electric field, the greater is the electron emission. 


(iii) Photo-electric emission. In this method, the energy of light falling upon the metal surface 
is transferred to the free electrons within the metal to enable them to leave the surface. The greater the 
intensity (i.e. brightness) of light beam falling on the metal surface, the greater is the photo-electric 
emission. 


(iv) Secondary emission. In this method, a high velocity beam of electrons strikes the metal 
surface and causes the free electrons of the metal to be knocked out from the surface. 


2.3 Thermionic Emission 


The process of electron emission from a metal surface by supplying thermal energy to it is known as 
thermionic emission. 

At ordinary temperatures, the energy possessed by free electrons in the metal is inadequate to 
cause them to escape from the surface. When heat is applied to the metal, some of heat energy is 
converted into kinetic energy, causing accelerated motion of free electrons. When the temperature 
rises sufficiently, these electrons acquire additional energy equal to the work function of the metal. 
Consequently, they overcome the restraining surface barrier and leave the metal surface. 

Metals with lower work function will require less additional energy and, therefore, will emit 
electrons at lower temperatures. The commonly used materials for electron emission are tungsten, 
thoriated tungsten and metallic oxides of barium and strontium. It may be added here that high 
temperatures are necessary to cause thermionic emission. For example, pure tungsten must be heated 
to about 2300°C to get electron emission. However, oxide coated emitters need only 750°C to cause 
thermionic emission. 

Richardson-Dushman equation. The amount of thermionic emission increases rapidly as the 
emitter temperature is raised. The emission current density is given by Richardson-Dushman equa- 
tion given below : 


S 


J, = AT? > amp/m’ (i) 
where J, = emission current density i.e. current per square metre of the 
emitting surface 
T = absolute temperature of emitter in K 
A = constant, depending upon the type of emitter and is measured 
in amp/m*/K? 
6b = aconstant for the emitter 
e = natural logarithmic base 
The value of 5 is constant for a metal and is given by: 
be 
k 
where 6 = work function of emitter 


b 


e = electroncharge = 1.602 x10’ coulomb 
k = Boltzmann’s constant = 1.38 x 10° J/K 
bx 1.602 x 107” 


i3gxl0™ 
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Putting the value of b in exp. (i), we get, 


11600 
J, = AT’e T. . (il) 

The following points may be noted from egn. (it) : 

(i) The emission is markedly affected by temperature changes. Doubling the temperature of an 
emitter may increase electron emission by more than 10’ times. For instance, emission from pure 
tungsten metal is about 10°° ampere per sq. cm. at 1300°C but rises to enormous value of about 100 
amperes when temperature is raised to 2900°C. 

(ii) Small changes in the work function of the emitter can produce enormous effects on emis- 
sion. Halving the work function has exactly the same effect as doubling the temperature. 


Example 2.1. A tungsten filament consists of a cylindrical cathode 5 cm long and 0.01 cm in 
diameter. If the operating temperature is 2500 K, find the emission current. Given that 
A = 60.2 x 10° A/m? /K’, § = 4.517 eV. 


Solution. A = 60.2x 10° amp/m’/K’, T= 2500 K, 6=4.517 eV 
b = 11600K = 11600x4.517K = 52400 K 


Using Richardson-Dushman equation, emission current density is given by : 


_b 5 5 5 _ 52400 
J, = AT’e T amp/m™ = 60.2 x 10° x (2500) x (2.718) 2500 


= 0.3x 10° amp/m* 
Surface area of cathode, a = md/l = 3.146x0.01x5 = 0.157cm* = 0.157x 107 m? 
Emission current = J,xa = (0.3 x 10°) x (0.157 x 107) = 0.047A 


Example 2.2. A tungsten wire of unknown composition emits 0.1 amp/cm* at a temperature of 
1900 K. Find the work function of tungsten filament. Determine whether the tungsten is pure or 
contaminated with substance of lower work function. Given that A = 60.2 amp/cm’/K°. 


Solution. J, = 0.1 amp/cm* *>A=60.2 amp/cem*/K7 *-T=1900 K 
Let 6 electron-volt be the work function of the filament. 
= b6 = 116000K 
Using Richardson-Dushman equation, emission current density is given by : 

J-=A rp T amp/cm* 

> 116006 
or 0.1 = 60.2 x (1900)" x 2 1900 
_ 11600 3 -10 
o e 10 = 6902x1900)? = 46% 10 
or e°'® = 46x10" 
or —6.1 dlog,e = log, 4.6 — 10 log, 10 
or —-6.1o0 = 1.526 — 23.02 
1.526 — 23.02 
do = =) 3.56 eV 


Since the work function of pure tungsten is 4.52 eV, the sample must be contaminated. Thoriated 
tungsten has a work function ranging from 2.63 eV to 4.52 eV, depending upon the percentage of 
metallic thorium. Therefore, the sample is most likely to be thoriated tungsten. 
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2.4 Thermionic Emitter 


The substance used for electron emission is known as an emitter or cathode. 
The cathode is heated in an evacuated space to emit electrons. If the cathode 
were heated to the required temperature in open air, it would burn up because of 
the presence of oxygen in the air. A cathode should have the following properties: 


(1) Low work function. The substance selected as cathode should have 
low work function so that electron emission takes place by applying small amount 
of heat energy i.e. at low temperatures. 


(ii) High melting point. As electron emission takes place at very high 
temperatures (>1500°C), therefore, the substance used as a cathode should have 
high melting point. For a material such as copper, which has the advantage of a 
low work function, it is seen that it cannot be used as a cathode because it melts 
at 810°C. Consequently, it will vaporise before it begins to emit electrons. Thermionic Emitter 


(ui) High mechanical strength. The emitter should have high mechanical 
strength to withstand the bombardment of positive ions. In any vacuum tube, no matter how careful 
the evacuation, there are always present some gas molecules which may form ions by impact with 
electrons when current flows. Under the influence of electric field, the positive ions strike the cath- 
ode. If high voltages are used, the cathode is subjected to considerable bombardment and may be dam- 
aged. 


2.5 Commonly Used Thermionic Emitters 


The high temperatures needed for satisfactory thermionic emission in vacuum tubes limit the 
number of suitable emitters to such substances as tungsten, thoriated tungsten and certain oxide 
coated metals. 


(i) Tungsten. It was the earliest material used as a 
cathode and has a slightly higher work function (4.52 eV). 
The important factors in its favour are : high melting point 
(3650 K), greater mechanical strength and longer life. The 
disadvantages are : high operating temperature (2500 K), 
high work function and low emission efficiency. Therefore, 
itis used in applications involving voltages exceeding 5kV 
e.g. in X-ray tubes. 


(iit) Thoriated tungsten. A mixture of two metals may 
have a lower work function than either of the pure metals 
alone. Thus, a tungsten emitter with a small quantity of 
thorium has a work function of 2.63 eV, compared with 3.4 
eV for thorium and 4.52 eV for tungsten. At the same time, thoriated tungsten provides thermionic 
emission at lower temperature (1700°C) with consequent reduction in the heating power required. 


Thoriated Tungsten 


In the manufacture of this type of cathode, tungsten filament is impregnated with thorium oxide 
and heated to a very high temperature (1850°C to 2500°C). The thorium oxide is reduced to metallic 
thorium and coats the filament surface with a thin layer of thorium. Thoriated tungsten cathodes are 
used for intermediate power tubes at voltages between 500 to 5000 volts. 


(iit) Oxide-coated cathode. The cathode of this *type consists of a nickel ribbon coated with 

* Oxides of any alkaline-earth metal (e.g. calcium, strontium, barium etc.) have very good emission 
characteristics. In the manufacture of this type of emitter, the base metal (e.g. nickel) is first coated with a 
mixture of strontium and barium carbonates. It is then heated to a high temperature in vacuum glass tube 
until the carbonates decompose into oxides. By proper heating, a layer of oxides of barium and strontium 
is coated over the cathode surface to give oxide-coated emitter. 
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barium and strontium oxides. The oxide-coated cathode has low work function (1.1 eV), operates at 
comparatively low temperature (750°C) and has high emission efficiency. However, the principal 
limitation of oxide-coated cathode is that it cannot withstand high voltages. Therefore, it is mostly 
used in receiving tubes or where voltages involved do not exceed 1000 volts. 


S.No. Emitter Work Function Operating Emission 
temperature efficiency 


Tungsten Lis @ 4 mA/watt 
Thoriated tungsten L7O00°C 60 mA/watt 
Oxide-coated Yo} Ot @ 200 mA/watt 


2.6 Cathode Construction 


As cathode is sealed in vacuum, therefore, the most convenient way to heat it is electrically. On this 
basis, the thermionic cathodes are divided into two types viz directly heated cathode and indirectly 
heated cathode. 

(i) Directly heated cathode. In this type, the cathode consists of oxide-coated 
nickel ribbon, called the *filament. The heating current is directly passed through this ribbon which 
emits the electrons. Fig. 2.2 (i) shows the structure of directly heated cathode whereas Fig. 2.2 (ii) 
shows its symbol. 


FILAMEN 
GLASS 
ENVELOPE 
GLASS 
STEM 
FILAMENT 


DIRECTLY HEATED 
CATHODE 


(7) (it) 
Fig. 2.2 


SYMBOL 


The directly heated cathode is more efficient in converting heating power into thermionic emission. 
Therefore, it is generally used in power tubes that need large amounts of emission and in small tubes 
operated from batteries where efficiency and quick heating are important. The principal limitation of 
this type of cathode is that any variation in heater voltage affects the electron emission and thus 
produces Aum in the circuit. 


(it) Indirectly heated cathode. In this type, the cathode consists of a thin metal sleeve coated 
with barium and strontium oxides. A filament or heater is enclosed within the sleeve and insulated 
from it. There is no electrical connection between the heater and the cathode. The heating current is 
passed through the heater and the cathode is heated indirectly through heat transfer from the heater 
element. Fig. 2.3 (i) shows the structure of indirectly heated cathode whereas Fig. 2.3 (ii) shows its 
symbol. 


Filament. The term filament (literally means a thin wire) denotes the element through which the cathode 
heating current flows. In case of directly heated, cathode is itself the filament. If indirectly heated, heater 
is the filament. 
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a, SA, Se Sa, Ses, Sb, Si Sa Si Se Se es | 


INDIRECTLY 
HEATED CATHODE 


(7) 
Fig. 2.3 


Indirectly heated cathode has many advantages. As 
cathode is completely separated from the heating circuit, 
therefore, it can be readily connected to any desired 
potential as needed, independent of the heater potential. 
Furthermore, because of relatively large mass of cylindrical 
cathode, it takes time to heat or cool and as such does not 
introduce hum due to heater voltage fluctuations. Finally, 
a.c. can be used in the heater circuit to simplify the power 
requirements. Almost all modern receiving tubes use this 
type of cathode. 


2./ Field Emission 


The process of electron emission by the application of 
strong electric field at the surface of a metal is known as 
field emission. 


When a metal surface is placed close to a high voltage 
conductor which is positive w.rt. the metal surface, the 
electric field exerts attractive force on the free electrons 
in the metal. If the positive potential is great enough, it 
succeeds in overcoming the restraining forces of the metal 
surface and the free electrons will be emitted from the 
metal surface as shown in Fig. 2.4. 
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Fig. 2.4 


Very intense electric field is required to produce field emission. Usually, a voltage of the order 
of a million volts per centimetre distance between the emitting surface and the positive conductor is 
necessary to cause field emission. Field emission can be obtained at temperatures much lower (e.g. 
room temperature) than required for thermionic emission and, therefore, it is also sometimes called 


cold cathode emission or auto- electronic emission. 


2.8 Secondary Emission 


Electron emission from a metallic surface by the bombardment of high-speed electrons or other 


particles is known as secondary emission. 


When high-speed electrons 
suddenly strike a metallic surface, 
they may give some or all of their 
kinetic energy to the free electrons 
in the metal. If the energy of the 
striking electrons is sufficient, it 
may cause free electrons to escape 
from the metal surface. This 
phenomenon is called secondary 
emission. The electrons that strike 
the metal are called primary 
electrons while the emitted 
electrons are known as secondary 


electrons. The intensity of | SECONDARY 
secondary emission dependsupon ELECTRONS 


the emitter material, mass and 
energy of the bombarding 
particles. 


The principle of secondary 
emission is illustrated in Fig. 2.5. 
An evacuated glass envelope con- 
tains an emitting surface E, the collecting anode 
A and a source of primary electrons S. The an- 
ode is maintained at positive potential w.rt. the 
emitting surface by battery B. When the primary 
electrons strike the emitting surface EF, they knock 
out secondary electrons which are attracted to 
the anode and constitute a flow of current. This 
current may be measured by connecting a sensi- 
tive galvanometer G in the anode circuit. 


The effects of secondary emission are very 
undesirable in many electronic devices. For 
example, in a tetrode valve, secondary emission 
is responsible for the negative resistance. In 
some electronic devices, however, secondary 
emission effects are utilised e.g. *electron 
multiplier, cathode ray tube etc. 


2.9 Photo Electric Emission 


Electron emission from a metallic surface by the 
application of light is known as photo electric 
emission. 


When a beam of light strikes the surface of 
certain metals (e.g. potassium, sodium, cesium), 
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Fig. 2.6 


the energy of photons of light is transferred to the free electrons within the metal. If the energy of the 


An interesting aspect of secondary emission is that a high-speed bombarding electron may liberate as many 
as 10 “secondary electrons’. This amounts to a multiplication of electron flow by a ratio as great as 10 and 


is utilised in current multiplier devices. 
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striking photons is greater than the work 
function of the metal, then free electrons 
will be knocked out from the surface of 
the metal. The emitted electrons are 
known as photo electrons and the 
phenomenon is known as photoelectric 
emission. The amount of photoelectric 
emission depends upon the intensity of 
light falling upon the emitter and 
frequency of radiations. The greater the 
intensity and frequency of radiations, the 
greater is the photo electric emission. 
Photo-electric emission is utilised in photo 
tubes which form the basis of television 
and sound films. 


Photo Tube 


Fig. 2.6 illustrates the phenomenon 
of photoelectric emission. The emitter E and anode A are enclosed in an evacuated glass envelope G. 
A battery B maintains the anode at positive potential w.r.t. emitter. When light of suitable intensity 
and frequency falls on the emitter, electrons are ejected from its surface. These electrons are attracted 
by the positive anode to constitute current in the circuit. It may be noted that current will exist in the 
circuit so long as illumination is maintained. 


MULTIPLE-CHOICE QUESTIONS 


1. Work function of metals is generally mea- 6. If the temperature of an emitter is increased 
Sured in... two times, the electron emission IS .............. 
(i) joules (ii) electron-volt (i) increased two times 
(iii) Wwatt-hour (iv) watt (ii) increased four times 
2. The operating temperature of an oxide- (iii) increased several million times 
coated emitter 1s about .............. (iv) none of the above 
(1) 750°C (ii) 1200°C 7. In X-ray tubes, ..........000.. emitter is used. 
(iii) 2300°C (iv) 3650°C (i) thoriated tungsten 
De Gaeetenses is used in high voltage (> 10 kV) (ii) tungsten 
applications. (iii) oxide-coated 


(1) tungsten emitter (iv) none of the above 


(ii) oxide-coated emitter 8. The life of an oxide-coated emitter is about 


(iii) thoriated-tungsten emitter 


(iv) none of the above (i) 500 hours (ii) 1000 hours 
4. A desirable characteristic of an emitter is (iii) 200 hours (iv) 10,000 hours 
that it should have. .............. work function. 9. The electrons emitted by a thermionic emit- 
(i) large (ii) very large ter are called ww. 
(iii) small (iv) none of the above (i) free electrons 
5. The thermionic emitter that has the highest (ii) loose electrons 


operating temperature IS .............. (iii) thermionic electrons 


(i) oxide-coated (ii) thoriated-tungsten (iv) bound electrons 


(iii) tungsten (iv) none of the above 
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10. The work function of an oxide-coated emit- | 13, Field emission is utilised in 


ter is about .............. (i) vacuum tubes 
(7) Lev (ii) 4eV (ii) TV picture tubes 

(iii) 2.63 eV (iv) 4.52 eV (iii) gas-filled tubes 

11. The warm-up time of a directly heated cath- (iv) mercury pool devices 

Ode 1S wo... eee that of indirectly heated cath- 14. Oxde-~coned Gaiters have <lecton-cmis: 
aire Sion Of ...... eee per watt of heating power. 
(i) more than (ii) less than (i) 5-10 mA (ii) 40-90 mA 

(iii) same as (iv) data incomplete 


(tii) 50-100 mA (iv) 150-1000 mA 
15. The oxide-coated cathodes can be used for 
voltages upto ............0. 
(1) 1000 V (ii) 3000 V 
(tii) 4000 V (iv) 10,000 V 


12. The most commonly used emitter in the tubes 
of a radio receiver IS .............. 


(i) tungsten (ii) thoriated-tungsten 


(iii) oxide-coated (iv) none of the above 


Answers to Multiple-Choice Questions 


zy (1) a» 4. (iil) 5. (iid) 
t (ii) 8. (iv) 9. (it) 10. (i) 
12. (iii) 13. (iv) 14. (iv) os. (7) 


Chapter Review Topics 


1. What is electron emission ? Explain the terms : surface barrier and work function. 


2. What general conditions must be satisfied before an electron can escape from the surface of a 
material ? 


3. Name and explain briefly four practical ways by which electron emission can occur. 
4. What are the materials used for thermionic emitters ? Compare the relative merits of each. 


5. Discuss briefly construction and relative advantages of directly and indirectly heated cathodes. 


Problems 


1. An oxide-coated emitter has a surface area of 0.157 cm’. If the Operating temperature is 110 K, find 
the emission current. Given A = 100 A/m7/K°, work function = 1.04 eV. [0.0352 A] 


2. A tungsten filament of unknown composition emits 1000 A/m” at an operating temperature of 
1900 K. Find the work function of tungsten filament. Given A = 60.2 x 10° A/m?/ K?. [3.44 eV] 


3. Calculate the total emission available from barium-strontium oxide emitter, 10 cm long and 0.01 cm 
in diameter, operated at 1900 K. Given that A = 10 |” Amp/cm’/K’ and b = 12,000. [0.345 A] 


Discussion Questions 


Why does electron emission not occur at room temperature ? 

Why are high temperatures necessary for thermionic emission ? 

Why are electron emitters heated electrically ? 

Why are thermionic emitters heated in vacuum ? 

Why are tungsten and thoriated tungsten cathodes always of directly heated type ? 
Why cannot oxide-coated cathodes be used for voltages exceeding 1000 volts? 


Why do directly heated cathodes introduce hum in the circuit ? 


1. 
2. 
i 
4. 
3. 
6. 
Ts 
8. 


Why are directly heated cathodes used in high power applications ? 


Gas-Filled Tubes 


3.1  Gas-Filled Tubes 

3.2 Conduction in a Gas 

3.3 Cold-Cathode Gas Diode 

3.4 Characteristics of Cold-Cathode Diode 
3.5 Applications of Glow Tubes 

3.6 Hot-Cathode Gas Diode | 
3.7  Thyratron 


3.8 Applications of Thyratron 


INTRODUCTION 


n the vacuum tubes, the electrons flow from cathode to anode in vacuum. In such tubes, extreme 
[e: is taken to produce as perfect a vacuum as possible to prevent ionisation of gases and the 
esulting large uncontrolled currents. It may be mentioned here that the secret of triode is the fine 
control of free electrons within valve by the electrostatic fields of grid and anode. If gas is present 
even in small amount, the electrons flowing from cathode to anode will cause ionisation of the gas. 
The ionised molecules would interfere with the control and make the device useless as an amplifier. 


In certain applications, fine control of electrons within the valve is of less importance than the 
efficient handling and turning on and off of heavy currents. In such situations, some inert gases (e.g. 
argon, neon, helium) at low pressures are purposely introduced into the valve envelope. Such tubes 
are known as gas-filled tubes. The gas-filled tubes are capable of doing various jobs that vacuum 
tubes cannot perform and which are especially useful in industrial and control circuits. In this chapter, 
we shall focus our attention on some important types of gas-filled tubes with special reference to their 
characteristic properties. 
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3.1 Gas-Filled Tubes 


A gas-filled tube is essentially a vacuum tube having a small amount 
of some inert gas at low pressure. 


The gas pressure in a gas-filled tube usually ranges from 10 mm 
of Hg to50 mm. The construction of gas-filled tubes is similar to 
that of vacuum tubes, except that the cathodes, grids and anodes are 
usually larger in order to carry heavier current. However, the char- 
acteristic properties of the two are markedly different. Firstly, a gas- 
filled tube can conduct much *more current than the equivalent 
vacuum tube. It is because the electrons flowing from cathode to 
anode collide with gas molecules and ionise them i.e. knock out 
electrons from them. The additional electrons flow to the anode 
together with the original electrons, resulting in the increase in plate 
current. Secondly, a gas filled tube has far less control on the elec- 
trons in the tube than that of vacuum tube. Once the ionisation 
starts, the control of gas-filled tube is tremendously reduced. 


Classification. Gas-filled tubes are usually classified according 
to the type of electron emission employed. On this basis, they may 
be classified into two types namely; cold-cathode type and hot-cath- 
ode type. 

Cold-cathode type. In this type of gas-filled tubes, the cathode 
is not heated as in a vacuum tube. The ionisation of the gas is caused 
by the energy available from natural sources such as cosmic rays, 
sun rays or radioactive particles in air. These natural sources are 
Gas-tilled Tube the underlying reasons for the start of conduction in cold-cathode 
gas tubes. Most cold-cathode tubes are used as diodes. 


PLATE PLATE 
GRID 
CATHODE CATHODE 
Fig. 3.1 Fig. 3.2 


Fig. 3.1 shows the schematic symbol for a cold-cathode gas diode, known as glow tube. The dot 
within the circle indicates the presence of gas. Fig. 3.2 shows the schematic symbol of cold-cathode 
gas triode, known as grid glow tube. 


Hot-cathode type. In this type of gas-filled tubes, the cathode is heated just as in an ordinary 
vacuum tube. The electrons flowing from cathode to plate cause ionisation of the gas molecules. 
Such tubes are used as diodes, triodes and tetrodes. 


The ability of a gas-filled tube to carry large current is, of course, no recommendation in itself. A copper 
wire will do the same thing and with better efficiency. But a gas filled tube has one special ability which the 
wire does not possess ; the ability to carry current in one direction. 
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PLATE PLATE 
GRID 
ZS 
CATHODE CATHODE 
Fig. 3.3 Fig. 3.4 


Fig. 3.3 shows the schematic symbol of a hot-cathode gas diode, known as phanotron whereas 
Fig. 3.4 shows the symbol of hot-cathode gas triode, known as thyratron. 


3.2 Conduction in a Gas 


A gas under ordinary pressure is a perfect insulator and cannot conduct current. However, if the 
gas pressure 1s low, it is possible to produce a large number of free electrons in the gas by the process 
of ionisation and thus cause the gas to become a conductor. This is precisely what happens in gas- 
filled tubes. The current conduction in a gas at low pressure can be beautifully illustrated by referring 
to the hot-cathode gas diode shown in Fig. 3.5. The space between cathode and anode of the tube 
contains gas molecules. When cathode is heated, it emits a large number of electrons. These elec- 
trons form a cloud of electrons near the cathode, called space charge. If anode is made positive w.rt. 
cathode, the electrons (magenta dots) from the space charge speed towards the anode and collide with 
gas molecules (cyan circles) in the tube. 


CATHODE 


SPACE GAS IONISATION 
CHARGE MOLECULE 
Fig. 3.5 


If the anode-cathode voltage is low, the electrons do not possess the necessary energy to cause ionisation 
of the gas. Therefore, the plate current flow in the tube is only due to the electrons emitted by the cathode. 
As the anode-cathode voltage is increased, the electrons acquire more speed and energy and a point-called 
ionisation voltage is reached, where ionisation of the gas starts. The ionisation of gas produces free 
electrons and positive gas ions (cyan circles with +ve signs). The additional free electrons flow to the 
anode together with the original electrons, thus increasing plate current. However, the increase in plate 
current due to these added electrons is practically negligible. But the major effect is that the positive gas 
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ions slowly drift towards the cathode and neutralise the space charge. Consequently, the resistance of the 
tube decreases, resulting in large plate current. Hence, it is due to the neutralisation of space charge by the 
positive gas ions that plate current in a gas tube is too much increased. 


The following points may be noted regarding the conduction in a gas at low pressure : 


(i) At low anode-cathode voltage, the ionisation of the gas does not occur and the plate 
current is about the same as for a vacuum tube at the same anode voltage. 

(iit) At some anode-cathode voltage, called ionisation voltage, ionisation of the gas takes 
place. The plate current increases dramatically to a large value due to the neutralisation of space 
charge by the positive gas ions. The ionisation voltage depends upon the type and pressure of gas in 
the tube. 

(iii) Once ionisation has started, it is maintained at anode-cathode voltage much lower than 
ionisation voltage. However, minimum anode-cathode voltage, called deionising voltage, exists be- 
low which ionisation cannot be maintained. Under such conditions, the positive gas ions combine 
with electrons to form neutral gas molecules and conduction stops. Because of this switching action, 
a gas-filled tube can be used as an electronic switch. 


3.3 Cold-Cathode Gas Diode 


Fig. 3.6 shows the cut-away view of cold-cathode gas diode. It essentially consists of two 
electrodes, cathode and anode, mounted fairly close together in an envelope filled with some inert gas 
at low pressure. The anode is in the form of a thin wire whereas cathode is of cylindrical metallic 
surface having oxide coating. The anode is always held at positive potential w.rt. cathode. 


Operation. Fig. 3.7 shows a circuit that can be used to investigate the operation of cold-cathode 
gas diode. Electric conduction through the tube passes through three successive discharge phases viz. 
Townsend discharge, the glow discharge and the arc discharge. 


(i) Townsend discharge. At low anode-cathode voltage, the tube conducts an extremely small 
current (ImA). It is because the cathode is cold and as such no source of electrons is present. How- 
ever, natural sources (e.g. cosmic rays etc.) cause some ionisation of the gas, creating a few free 
electrons. These electrons move towards the anode to constitute a small current. This stage of 
conduction is known as *Jownsend discharge. In this phase of conduction, no visible light 1s associ- 
ated. 
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The volt-ampere characteristics of glow tube were first investigated by J. S. Townsend in 1901 and hence 
the name. 
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(ii) Glow discharge. As the anode-cathode voltage is increased, the electrons acquire more and 
more energy. At some voltage, known as ionisation voltage, ionisation of the gas starts and the tube 
current rises to a large value. The voltage across the tube drops to a low value, which remains 
constant regardless of the plate current. At the same time, glow is seen in the gas and on a portion of 
the cathode. This phase of conduction is known as glow discharge. 


The fact that glow tube maintains constant voltage across it in the glow discharge region needs 
some explanation. In this region, any increase in supply voltage causes more current to flow; the drop 
across series resistance R increases but the voltage FE, across the tube remains constant. As the 
current increases, the degree of ionisation increases and the glow covers a greater part of cathode 
surface and hence the ionised gas path between cathode and anode has greater area of cross-section. 
As resistance is inversely proportional to the area of cross-section, therefore, resistance of the tube 
decreases. Hence, the voltage across the tube remains constant. Reverse is also true should the 
supply voltage decrease. Thus in the glow discharge region, the resistance of the tube changes so as 
to maintain constant voltage across it. 


(i) Arc discharge. Once the cathode glow covers the entire surface of the cathode, the x- 
sectional area of gas path cannot increase further. This region is known as abnormal glow. If the 
current density is further increased, the discharge becomes an arc. 


3.4 Characteristics of Cold-Cathode Diode 


The volt-ampere characteristic of a cold-cathode diode is shown in Fig. 3.8. At low anode-cathode 
voltage, the tube current is very small (1mA) and is due to the ionisation of gas molecules by the 
natural sources. This stage of conduction upto voltage B is known as Townsend discharge and is non- 
self maintained discharge because it requires an external source to cause ionisation. At some critical 
voltage such as B, the tube fires and the voltage across the tube drops (from B to C) and remains 
constant regardless of plate current. This is the start of second conduction and is known as glow 
discharge. In this region (C to D), voltage across the tube remains constant even if the plate current 
increases. 
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After the glow discharge, the voltage across the tube no longer remains constant. Now, if the 
supply voltage is raised, not only will the circuit current increase but the voltage across the tube will 
start to rise again. This stage of conduction (D to E) is known as abnormal glow. 
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3.5 Applications of Glow Tubes 


The outstanding characteristic of a cold-cathode gas diode (or glow tube) to maintain constant volt- 
age across it in the glow discharge region renders it suitable for many industrial and control applica- 
tions. A few of such applications are mentioned 
below : 


(i) As a voltage regulating tube. A glow 
tube maintains constant voltage across it in the 
glow discharge region. This characteristic per- 
mits it to be used as a voltage regulating tube. 
Fig. 3.9 shows a simple circuit commonly used 
to maintain constant voltage across a load. The 
glow tube (VR tube) is connected in parallel with 
the load R, across which constant voltage is de- 
sired. So long as the tube operates in the glow 
discharge region, it will maintain constant volt- 


“ R 
Voitage Regulating Tube 
age (= 150V) across the load. The extra voltage is 
dropped across the series resistance R. 
E R (ii) As a polarity indicator. As the cathode is sur- 


rounded by a characteristic glow, therefore, it can 


L 
E,=150V na 
be useful to indicate the polarity of a direct voltage. 


VE 18 (tit) As an electronic switch, which closes at 
ionisation potential, permitting a large current to 
° flow, and opens at the deionising voltage, blocking 
: the current flow. 
Fig. 3.9 


(iv) As aradio frequency field detector. A strong 
radio-frequency field is capable of ionising the gas without direct connection to the tube. Therefore, the 
tube can indicate the presence of radio-frequency field. 


3.6 Hot-Cathode Gas Diode 


A hot-cathode gas diode is frequently used as a rectifier for moderate voltages because of high effi- 
ciency and better regulation. A hot-cathode gas diode consists of an oxide-coated cathode and a 
metallic anode enclosed in a glass envelope containing some inert gas under reduced pressure. For 
proper operation of the tube, anode is always held at a positive potential w.rt. cathode. 


Operation. Fig. 3.10 shows a circuit that can be used to investigate the operation of a hot- 
cathode gas diode. When cathode is heated, a large number of electrons are emitted. At low anode- 
cathode voltage, the tube conducts very small current. Under such conditions, the gas is not ionised 
and the tube acts similar to a vacuum diode — the voltage across the tube increases with plate current. 
This action continues until anode-cathode voltage becomes equal to the ionisation potential of the 
gas. Once this potential is reached, the gas begins to ionise, creating free electrons and positive gas 
ions. The positive gas ions move towards the cathode and tend to neutralise the space charge, thus 
decreasing the internal resistance of the tube. If now the plate voltage is increased, the plate current 
also increases due to increased degree of ionisation. This further reduces the tube resistance. As a 
result, increase in plate current is offset by the decrease in tube resistance and the voltage across the 
tube remains constant. Therefore, in a hot-cathode gas diode, not only the internal drop within the 
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tube is small but also it remains constant. For this reason, a gas diode has better efficiency and 
regulation than for a vacuum diode when used as a rectifier. 


T, (mA) 
400 
200 A 
| 
| 
8 0 5 10 15 E,, (VOLTS) 
Fig. 3.10 Fig. 3.11 


Plate Characteristics. Fig. 3.10 shows the circuit that can be used to determine the volt-ampere 
(E,/I,) characteristics of a hot-cathode gas diode. The series resistance R is used to limit the current 
to reach a dangerously high value. Fig. 3.11 shows the plate characteristic of hot-cathode diode. Itis 
clear that at first, plate current rises slowly with increase in anode-cathode voltage. However, at some 
voltage, known as ionisation voltage (point A), the plate current rises sharply and the voltage drop 
across the tube remains constant. The extra voltage is dropped across the series resistance R. Any 
attempt to raise the anode-cathode voltage above the ionising value is fruitless. Increasing the voltage 
E,, above point A results in higher plate current (/,) and large drop across R but the voltage EF, across 
the tube remains constant. 


3.7 Thyratron 


A hot-cathode gas triode is known by the trade name thyratron. As discussed before, a gas diode fires 
at a fixed plate potential, depending upon the type of gas used and gas pressure. Very often it is 
necessary to control the plate potential at which the tube is to fire. Such a control is obviously 
impossible with a gas diode. However, if a third electrode, known as control grid is introduced in a 
gas diode, this control is possible. The tube is then known as hot-cathode gas triode or thyratron. By 
controlling the negative potential on the control grid, the tube can be fired at any plate potential. 


Construction. Figs. 3.12 (7) and 3.12 (ii) respectively show the cut-away view and schematic 

symbol of a thyratron. It consists of three electrodes, namely; cathode, anode and control grid en- 
closed in a glass envelope containing some inert gas at low pressure. The cathode and anode are 
approximately planar. The control grid of thyratron has a special structure quite different from that of 
a vacuum tube. It consists of a metal cylinder surrounding the cathode with one or more perforated 
discs known as grid baffles near the centre. 
Operation. When cathode is heated, it emits plenty of electrons by thermionic emission. If the 
control grid is made sufficiently negative, the electrons do not have the necessary energy to ionise the 
gas and the plate current is substantially zero. As the negative grid voltage is reduced, the electrons 
acquire more speed and energy. At some grid voltage, called critical grid voltage, ionisation of the 
gas occurs and the plate current rises to a large value. 

The negative grid voltage, for a given plate potential, at which ionisation of the gas starts is 

known as critical grid voltage. 

At critical grid voltage, gas ionises, creating free electrons and positive gas ions. The positive 


ions tend to neutralise the space charge, resulting in large plate current. In addition, these positive 
ions are attracted by the negative grid and neutralise the normal negative field of the grid, thereby 
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Fig. 3.12 


preventing the grid from exerting any further control on the plate current of the tube. The grid now 
loses all control and the tube behaves as a diode. Therefore, the function of control grid is only to 
start the conduction of anode current. Once the conduction 1s started, the tube acts as a gas diode. It 
is important to realise the usefulness of control grid. We have seen that the ionisation does not start 
at low values of plate current. In a gas diode, it requires that the plate potential should be increased 
until sufficient plate current is flowing to cause ionisation. However, by adjusting the negative volt- 
age on the grid, the desired plate current can be obtained to cause ionisation. 


It may be mentioned here that once the thyratron fires, the only way to stop conduction is to 
reduce plate voltage to zero for a period *long enough for deionisation of the gas in the tube. 


3.8 Applications of Thyratron 


As the grid voltage has no control over the magnitude of plate current once the thyratron fires, therefore, 
it cannot be used as an amplifier like a vacuum triode. However, because of its triggering action, it is 
useful in switching and relay applications. Thyratrons are also used as controlled rectifiers for control- 
ling the amount of d.c. power fed to the load. They are also used in motor control circuits. 


MULTIPLE-CHOICE QUESTIONS 


1. A gas diode can conduct ......... the equiva- (i) very high (ii) small 
lent vacuum diode for the same plate (iii) very small (iv) zero 
velege: 3. The PIV of a hot cathode gas diode is ........ 
(7) less current than the equivalent vacuum diode. 


(ii) more current than 
(iii) Same current as 
(iv) none of the above 


(7) the same as that of 
(ii) more than that of 
(iii) less than that of 


2. A gas-filled tube has ........ resistance 
(iv) none of the above 


before ionisation. 


100 to 1000 Usec. 
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4. The anode-to-cathode potential of a gas- 
filled tube at which gas deionises and stops 


conduction is called ........ potential. 
(i) extinction (ii) striking 
(iii) ionising (iv) none of the above 


5. A thyratron can be used as ........ 
(i) anoscillator (di) anamplifier 
(iii) acontrolled switch 
(iv) none of the above 
6. The internal resistance of a gas-filled tube 


1S: secaanice that of a vacuum tube. 
(i) the same as (ii) more than 
(iii) less than (iv) none of the above 


7. A cold cathode tube is generally used as a 


(i) diode (ii) triode 
(iii) tetrode (iv) pentode 
8. Conduction in a cold cathode tube is started 
DY saceaes 


(i) thermionic emission 
(ii) secondary emission 
(iii) natural sources 
(iv) none of the above 
9. The cathode heating time of thermionic gas 
diode is ........ that of a vacuum diode. 
(i) the same as (ii) much more than 
(iii) much less than (iv) none of the above 
10. The solid state equivalent of thyratron is 


(i) FET (ii) transistor 
(iii) SCR (iv) crystal diode 
11. The solid state equivalent of cold cathode 
diode is ......... 
(i) zener diode (ii) crystal diode 
(iii) LED (iv) transistor 
12. The noise ina gas-filled tube is ........ that in 
a vacuum tube. 
(i) the same as (ii) more than 
(iii) less than (iv) none of the above 


13. The ionisation potential in a gas diode de- 


Answers to Multiple 


. © . CEL) 

x ) ~ (iil) 
(iv) 
(7) 


pends upon. ........ 
(i) plate current 
(ii) cathode construction 
(iii) size of the tube 
(iv) type and pressure of gas 
14. If the gas pressure in a gas-filled diode is 
increased, its PIV rating ........ 
(i) remains the same 
(ii) 18 increased 
(iii) 1s decreased 
(iv) none of the above 
15. Once a thyratron is fired, its control grid ........ 
over the plate current. 
(i) loses all control 
(ii) exercises fine control 
(iii) exercises rough control 
(iv) none of the above 
16. To stop conduction in a thyratron, the ........ 
voltage should be reduced to zero. 


(i) grid (ii) plate 
(iii) filament (iv) none of the above 
17. Ionisation of cold cathode diode takes place 
at we. plate potential compared to hot cath- 
ode gas diode. 
(i) the same (ii) much higher 
(iii) muchlesser (iv) none of the above 
18. A gas-filled tube has ........ internal resistance 
after ionisation. 
(i) low (ii) high 
(iii) very high (iv) moderate 
19. The gas-filled tubes can handle ........ peak 


inverse voltage (PIV) as compared to equiva- 
lent vacuum tubes. 


(i) more (ii) less 
(iii) the same (iv) none of the above 
20. A cold cathode diode is used as ........ tube. 


(i) arectifier 

(ii) a power-controlled 
(iii) aregulating 

(iv) an amplifier 


-Choice Questions 


4. (i) 
9. (ii) 
14. (iii) 
19. (ii) 
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Chapter Review Topics 


1. Explain the differences between a gas tube and equivalent vacuum tube. 


2. Explain how ionisation takes place in a hot-gas diode. How does current conduction take place in 
such a tube ? 


Give the schematic symbols of glow tube, hot-cathode gas diode and thyratron. 
Explain the construction, operation and characteristics of a glow tube. 

Discuss some applications of glow tubes. 

What is a thyratron ? How does it differ from a vacuum triode ? 


a age ae 


Write short notes on the following : 
(i) Characteristics of hot-cathode gas diode 


(ii) Applications of thyratrons 


Discussion Questions 


. What are the advantages of gas tubes over vacuum tubes ? 
. What is the difference between the action of thyratron and vacuum triode ? 
. Why cannot thyratrons be used as rectifiers for high voltages ? 


. Can gas diodes be used as rectifiers for high voltages ? 


. What is the drawback of a gas diode compared to a thyratron ? 
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4.6 — Silicon 


INTRODUCTION 


4 : “i study of atomic structure is of considerable importance for electronics engineering. 
Unfortunately, the size of an atom is so small that it is virtually impossible to see it even 
with the most powerful microscope. Therefore, we have to employ indirect method for 

the study of its structure. The method consists of studying the properties of atom experimentally. 

After this, a guess is made regarding the possible structure of atom, which should satisfy the 

properties studied experimentally. 

Various scientists have given different theories regarding the structure of atom. However, for the 
purpose of understanding electronics, the study of Bohr’s atomic model is adequate. Although numer- 
ous refinements on Bohr’s atomic model have since been made, we still believe in the laws that Bohr 
applied to the atomic world. In this chapter, we shall deal with Bohr’s atomic model in order to 
understand the problems facing the electronic world. 


4.1 Bohr’s Atomic Model 


In 1913, Neils Bohr, Danish Physicist gave clear explanation of atomic structure. According to Bohr: 


(i) Anatom consists of a positively charged nucleus around which negatively charged electrons 
revolve in different circular orbits. 
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Atomic Structure 


(ii) The electrons can revolve around the nucleus only in certain 
permitted orbits i.e. orbits of certain radii are allowed. 


(iit) The electrons in each permitted orbit have a certain fixed amount 
of energy. The larger the orbit (i.e. larger radius), the greater is the en- 
ergy of electrons. 


(iv) If an electron is given additional energy (e.g. heat, light etc.), it 
is lifted to the higher orbit. The atom 1s said to be in a state of excitation. 
This state does not last long, because the electron soon falls back to the 
original lower orbit. As it falls, it gives back the acquired energy in the 
form of heat, light or other radiations. 


Fig. 4.1 shows the structure of silicon atom. It has 14 electrons. 
Two electrons revolve in the first orbit, 8 in the second orbitand4 inthe Netls Bohr (1885-1962) 
third orbit. The first, second, third orbits etc. are also known as K, L, M orbits respectively. 


These electrons can revolve only in permitted orbits (i.e. orbits of “radii r,, r, and r;) and not in 
any arbitrary orbit. Thus, all radii between r, and r, or between r, and r, are forbidden. Each orbit 
has fixed amount of energy associated with it. If an electron in the first orbit is to be lifted to the 
second orbit, just the **right amount of energy should be supplied to it. When this electron jumps 
from the second orbit to first, it will give back the acquired energy in the form of electromagnetic 
radiations. 


1st ORBIT 


NUCLEUS 


(i) (ii) 
Fig. 4.1 
4.2 Energy Levels 


It has already been discussed that each orbit has fixed amount of energy associated with it. The 
electrons moving in a particular orbit possess the energy of that orbit. The larger the orbit, the greater 
is its energy. It becomes clear that outer orbit electrons possess more energy than the inner orbit 
electrons. 

A convenient way of representing the energy of different orbits is shown in Fig. 4.2 (ii). This is 
known as energy level diagram. The first orbit represents the first energy level, the second orbit 


The values of radii are determined from quantum considerations. 
*k So that its total energy is equal to that of second orbit. 
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indicates the second energy level and so on. The larger the orbit of an electron, the greater is its 
energy and higher is the energy level. 


3rd ENERGY LEVEL 
2nd ENERGY LEVEL 


1st ENERGY LEVEL 


EDGE OF NUCLEUS 
NUCLEUS 


(i eH 
Fig. 4.2 
4.3 Energy Bands 


In case of a single isolated atom, the electrons in any orbit possess definite energy. However, an atom 
in a solid is greatly influenced by the closely-packed neighbouring atoms. The result is that the 
electron in any orbit of such an atom can have a range of energies rather than a single energy. This is 
known as energy band. 


The range of energies possessed by an electron in a solid is known as energy band. 
ENERGY 
3rd ENERGY LEVEL 


2nd ENERGY LEVEL 
1st ENERGY LEVEL 


NUCLEUS 


(i) (ii) (iit) 
Fig. 4.3 


The concept of energy band can be easily understood by referring to Fig. 4.3. Fig. 4.3 (ii) shows 
the energy levels of a single isolated atom of silicon. Each orbit of an atom has a single energy. 
Therefore, an electron can have only single energy corresponding to the orbit in which it exists. 
However, when the atom is in a solid, the electron in any orbit can have a range of energies. For 
instance, electrons in the first orbit have slightly different energies because no two electrons in this 
orbit see exactly the same charge environment. Since there are millions of first orbit electrons, the 
slightly different energy levels form a band, called Ist energy band [See Fig. 4.3 (iii)]. The electrons 
in the first orbit can have any energy range in this band. Similarly, second orbit electrons form second 
energy band and so on. 
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4.4 Important Energy Bands in Solids 


Yi, Sonuction BAND Y 


FORBIDDEN 
ENERGY 
GAP 


As discussed before, individual K, L, M etc. energy levels 
of an isolated atom are converted into corresponding bands 
when the atom is ina solid. Though there are a number of 
energy bands in solids, the following are of particular im- 
portance [See Fig. 4.4] : 


(i) Valence band. The range of energies (i.e. band) 
possessed by valence electrons is known as valence 
band. 


The electrons in the outermost orbit of an atom are 
known as valence electrons. In a normal atom, valence 
band has the electrons of highest energy. This band may 
be completely or partially filled. For instance, in case of 
inert gases, the valence band is full whereas for other materials, it is only partially filled. The partially 
filled band can accommodate more electrons. 


BAND ENERGY 


Fig. 4.4 


(ii) Conduction band. In certain materials (e.g. metals), the valence electrons are loosely at- 
tached to the nucleus. Even at ordinary temperature, some of the valence electrons may get detached 
to become free electrons. In fact, itis these free electrons which are responsible for the conduction of 
current in a conductor. For this reason, they are called conduction electrons. 


The range of energies (i.e. band) possessed by conduction band electrons is known as conduc- 
tion band. 

All electrons in the conduction band are free electrons. If a substance has empty conduction 
band, it means current conduction is not possible in that substance. Generally, insulators have empty 
conduction band. On the other hand, it is partially filled for conductors. 


(ii) Forbidden energy gap. The separation between conduction band and valence band on the 
energy level diagram is known as forbidden energy gap. 


No electron of a solid can stay in a forbidden energy gap as there is no allowed energy state in 
this region. The width of the forbidden energy gap is a measure of the bondage of valence electrons 
to the atom. The greater the energy gap, more tightly the valence electrons are bound to the nucleus. 
In order to push an electron from valence band to the conduction band (i.e. to make the valence 
electron free), external energy equal to the forbidden energy gap must be supplied. 


4.5 Classification of Solids and Energy Bands 


We know that some solids are good conductors of electricity while others are insulators. There is also 
an intermediate class of semiconductors. The difference in the behaviour of solids as regards their 
electrical conductivity can be beautifully explained in terms of energy bands. The electrons in the 
lower energy band are tightly bound to the nucleus and play no part in the conduction pire: How- 
ever, the valence and conduction bands are of particu- F = 
lar importance in ascertaining the electrical behaviour 
of various solids. 


(i) Insulators. Insulators (e.g. wood, glass etc.) 
are those substances which do not allow the passage of 
electric current through them. In terms of energy band, 
the valence band is full while the conduction band is 
empty. Further, the energy gap between valence and 
conduction bands is very large (~ 15 eV) as shown in 
Fig. 4.5. Therefore, a very high electric field is required : 
to push the valence electrons to the conduction band. insulators 
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For this reason, the electrical conductivity of such 
materials is extremely small and may be regarded as nil 
under ordinary conditions. 


At room temperature, the valence electrons of the 
insulators do not have enough energy to cross over to the 
conduction band. However, when the temperature is 
raised, some of the valence electrons may acquire enough 
energy to cross over to the conduction band. Hence, the 
resistance of an insulator decreases with the increase in 
temperature i.e. an insulator has negative temperature co- 
efficient of resistance. 


(ii) Conductors. Conductors (e.g. copper, 
aluminium) are those substances which easily allow the 
passage of electric current through them. It is because 
there are a large number of free electrons available in a 
conductor. In terms of energy band, the valence and 
conduction bands overlap each other as shown in Fig. 
4.6. Due to this overlapping, a slight potential difference 
across a conductor causes the free electrons to constitute 
electric current. Thus, the electrical behaviour of 
conductors can be satisfactorily explained by the band 
energy theory of materials. 


(ui) Semicondutors. Semiconductors (e.g. 
germanium, silicon etc.) are those substances whose 
electrical conductivity lies inbetween conductors and 
insulators. In terms of energy band, the valence band is 
almost filled and conduction band is almost empty. 
Further, the energy gap between valence and conduction 
bands is very small as shown in Fig. 4.7. Therefore, 
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comparatively smaller electric field (smaller than insulators but much greater than conductors) is 
required to push the electrons from the valence band to the conduction band. In short, a semiconductor 


has : 
(a) almost full valence band 
(b) almost empty conduction band 


(c) small energy gap (= 1 eV) between valence and conduction bands. 


At low temperature, the valence band is 
completely full and conduction band is completely 
empty. Therefore, a semiconductor virtually behaves 
as an insulator at low temperatures. However, even 
at room temperature, some electrons (about one 
electron for 10°” atoms) cross over to the conduction 
band, imparting little conductivity to the 
semiconductor. As the temperature is increased, more 
valence electrons cross over to the conduction band 
and the conductivity increases. This shows that 
electrical conductivity of a semiconductor increases 
with the rise in temperature i.e. a semiconductor has 
negative temperature co-efficient of resistance. 


BAND ENERGY 


Fig. 4.7 
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4.6 Silicon 


During the infancy of electronic industry, both germanium and silicon were used in the manufacture 
of semiconductor devices. As the electronic field advanced, it was realised that silicon was superior 
to germanium in many respects. Since silicon is the most widely used material in the manufacture of 
semiconductor devices, we shall continue to discuss the properties of this material (as compared to 
germanium) as and when we get the chance. 


There are 4 valence There are 4 valence 
electrons in the outer electrons in the outer 
(valence) shell. (valence) shell. 
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Fig. 4.8 


(i) Note the atomic structure of germanium and silicon in Fig. 4.8 carefully. The valence elec- 
trons in germanium are in the fourth orbit while the valence electrons in silicon are in the third orbit; 
closer to the nucleus. Therefore, the germanium valence electrons are at higher energy level than 
those in silicon. This means that germanium valence electrons require smaller amount of additional 
energy to escape from the atom and become free electron. What is the effect of this property? This 
property makes germanium more unstable at high temperatures. This is the basic reason why silicon 
is widely used as semiconductor material. 

(ii) Fig. 4.9 shows the energy level/band of silicon atom. The atomic number of silicon is 14 so 
that its 14 electrons are distributed in 3 orbits. Each energy level/band is associated with certain 
amount of energy and is separated from the adjacent bands by energy gap. No electron can exist in 
the energy gap. For an electron to jump from one orbit to the next higher orbit, external energy 


Conduction 
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Valence Energy gap 
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Silicon atom 
Fig. 4.9 


54 @ Principles of Electronics 


(e.g. heat) equal to the energy difference of the orbits must be supplied. For example, the valence 
band is shown to have an energy level of 0.7 eV. The conduction band is shown to have an energy 
level of 1.8 eV. Thus for an electron to jump from the valence band to the conduction band, an energy 
= 1.8-—0.7= 1.1 eV must be supplied. As you will see, the energy band description of substances is very 
important in understanding many fields of science and engineering including electronics. 


MULTIPLE-CHOICE QUESTIONS 


1. The electrons in the third orbit of an atom (iii) free electrons (iv) none of the above 
have ........ energy than the electrons in the 6. In insulators, the energy gap between 
second orbit. valence and conduction bands is ........ 

(1) more (ii) less (i) very large (ii) zero 
(iii) the same (iv) none of the above (iii) very small (iv) none of the above 

2. When an electron jumps from higher orbit} 7. In a conductor, the energy gap between 

to a lower orbit, it ........ energy. valence and conduction bands is ........ 

(i) absorbs (ii) emits (i) large (ii) very large 
(iii) Sometimes emits, sometimes absorbs (iii) very small (iv) none of the above 
(iv) none of the above 8. According to Bohr’s theory of atom, an 

3. Which of the following is quantized electron can move in an orbit of ........ 
according to Bohr’s theory of atom ? (i) any radius 
(i) linear momentum of electron (ii) certain radius 
(ii) linear velocity of electron (iii) some range of radii 

(iii) angular momentum of electron (iv) none of the above 
(iv) angular velocity of electron 9. In asemiconductor, the energy gap between 

4. A semiconductor has ........ band. valence and conduction bands is about........ 
(i) almost empty valence (i) 15eV (ii) 100 eV 
(ii) almost empty conduction (iii) 50 eV (iv) leV 

(iii) almost full conduction 10. The energy gap between valence and 
(iv) none of the above conduction bands in insulators is about........ 

5. The electrons in the conduction band are (i) 15eV (ii) 1SeV 

known @s ........ (iii) zero (iv) 0.5 eV 


(i) bound electrons (ii) valence electrons 


Answers to Multiple-Choice Questions 


2. (ii) 3. (iii) 4. (il) 
¥., (i) 8. (ii) 9. (iy) 


Chapter Review Topics 
1. Explain the salient features of Bohr’s atomic model. 
2. Explain the concept of energy bands in solids. 
3. Describe the valence band, conduction band and forbidden energy gap with the help of energy level 
diagram. 


4. Give the energy band description of conductors, semiconductors and insulators. 


Discussion Questions 


. Why is the energy of an electron more in higher orbits ? 
. What is the concept of energy band ? 


. Why do conduction band electrons possess very high energy ? 
. Why are valence electrons of a material so important ? 
. What is the difference between energy level and energy band ? 


Semiconductor 
Physics 


5.1 
5.2 
5.3 
9.4 
9.9 


5.6 


3.7 
5.8 
5.9 
5.10 
5.11 
9.12 


9.13 


9.14 


9.15 


5.16 


9.17 


5.18 


5.19 
5.20 


Semiconductor 

Bonds in Semiconductors 
Crystals 

Commonly Used Semiconductors 


Energy Band Description of Semi- 
conductors 


Effect of Temperature on Semi- 
conductors 


Hole Current 

Intrinsic Semiconductor 
Extrinsic Semiconductor 
n-type Semiconductor 
p-type Semiconductor 


Charge on n-type and 
p-type Semiconductors 


Majority and Minority 

Carriers 

pn Junction 

Properties of pn-Junction 
Applying D.C. Voltage across pn- 
Junction or Biasing a pn- Junc- 
tion 

Current Flow in a Forward 
Biased pn-Junction 
Volt-Ampere Characteristics of pn 
Junction 

Important Terms 

Limitations in the Operating Con- 
ditions of pn-Junction 


INTRODUCTION 


ertain substances like germanium, silicon, car- 
( bon etc. are neither good conductors like cop- 

per nor insulators like glass. In other words, 
the resistivity of these materials lies inbetween conduc- 
tors and insulators. Such substances are classified as 
semiconductors. Semiconductors have some useful 
properties and are being extensively used in electronic 
circuits. For instance, transistor—a semiconductor de- 
vice 1s fast replacing bulky vacuum tubes in almost all 
applications. Transistors are only one of the family of 
semiconductor devices ; many other semiconductor 
devices are becoming increasingly popular. In this chap- 
ter, we shall focus our attention on the different aspects 
of semiconductors. 
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5.1 Semiconductor 


It is not easy to define a semiconductor if we want to take into account all its physical characteristics. 
However, generally, a semiconductor is defined on the basis of electrical conductivity as under : 


A semiconductor is a substance which has resistivity (1 0 to 0.5 Qm) inbetween conductors 
and insulators e.g. germanium, silicon, selenium, carbon etc. 


The reader may wonder, when a semiconductor is neither a good conductor nor an insulator, then 
why not to classify it as a resistance material ? The answer shall be readily available if we study the 
following table : 


Copper good conductor 1.7x10°Qm 


Germanium semiconductor 0.6 Qm 
Glass insulator 9x10!'Qm 


Nichrome resistance material LOO 62 


Comparing the resistivities of above materials, it is apparent that the resistivity of germanium 
(semiconductor) is quite high as compared to copper (conductor) but it 1s quite low when compared 
with glass (insulator). This shows that resistivity of a semiconductor lies inbetween conductors and 
insulators. However, it will be wrong to consider the semiconductor as a resistance material. For 
example, nichrome, which is one of the highest resistance material, has resistivity much lower than 
germanium. This shows that electrically germanium cannot be regarded as a conductor or insulator 
or a resistance material. This gave such substances like germanium the name of semiconductors. 


It is interesting to note that it is not the resistivity alone that decides whether a substance is 
semiconductor or not. For example, it is just possible to prepare an alloy whose resistivity falls within 
the range of semiconductors but the alloy cannot be regarded as a semiconductor. In fact, semicon- 
ductors have a number of peculiar properties which distinguish them from conductors, insulators and 
resistance materials. 


Properties of Semiconductors 
(i) The resistivity of a semiconductor is less than an insulator but more than a conductor. 


(ii) Semiconductors have negative temperature co-efficient of resistance i.e. the resistance 
of a semiconductor decreases with the increase in temperature and vice-versa. For example, germa- 
nium 1s actually an insulator at low temperatures but it becomes a good conductor at high tempera- 
tures. 


(iii) When asuitable metallic impurity (e.g. arsenic, gallium etc.) is added to a semiconductor, its 
current conducting properties change appreciably. This property is most important and 1s 
discussed later in detail. 


5.2 Bonds in Semiconductors 


The atoms of every element are held together by the bonding action of valence electrons. This 
bonding is due to the fact that 1t 1s the tendency of each atom to complete its last orbit by acquiring 8 
electrons in it. However, in most of the substances, the last orbit 1s incomplete i.e. the last orbit does 
not have 8 electrons. This makes the atom active to enter into bargain with other atoms to acquire 8 
electrons in the last orbit. To do so, the atom may lose, gain or share valence electrons with other 
atoms. In semiconductors, bonds are formed by sharing of valence electrons. Such bonds are called 
co-valent bonds. In the formation of a co-valent bond, each atom contributes equal number of va- 
lence electrons and the contributed electrons are shared by the atoms engaged in the formation of the 
bond. 
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Fig. 5.1 shows the co-valent bonds among germanium atoms. A germanium atom has *4 
valence electrons. It1s the tendency of each germanium atom to have 8 electrons in the last orbit. To 
do so, each germanium atom positions itself between four other germanium atoms as shown in Fig. 
5.1 (i). Each neighbouring atom shares one valence electron with the central atom. In this business 
of sharing, the central atom completes its last orbit by having 8 electrons revolving around the nucleus. 
In this way, the central atom sets up co-valent bonds. Fig. 5.1 (ii) shows the bonding diagram. 


The following points may be noted regarding the co-valent bonds : 
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(i) Co-valent bonds are formed by sharing of valence electrons. 


(ii) In the formation of co-valent bond, each valence 
electron of an atom forms direct bond with the valence electron 
of an adjacent atom. In other words, valence electrons are 
associated with particular atoms. For this reason, valence 
electrons in a semiconductor are not free. 


5.3 Crystals 


A substance in which the atoms or molecules are arranged in 
an orderly pattern is known as a crystal. All semi-conductors 
have crystalline structure. For example, referring to Fig. 5.1, 
it is clear that each atom is surrounded by neighbouring atoms 
in a repetitive manner. Therefore, a piece of germanium is 
generally called germanium crystal. 


5.4 Commonly Used Semiconductors 


There are many semiconductors available, but very few of them 
have a practical application in electronics. The two most fre- 


Bonds in Semiconductor 


quently used materials are germanium (Ge) and silicon (Si). It 1s because the energy required to 
break their co-valent bonds (i.e. energy required to release an electron from their valence bands) 1s 
very small; being about 0.7 eV for germanium and about 1.1 eV for silicon. Therefore, we shall 


discuss these two semiconductors in detail. 


* A germanium atom has 32 electrons. First orbit has 2 electrons, second 8 electrons, third 18 electrons and 


the fourth orbit has 4 electrons. 
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(i) Germanium. Germanium has become the model substance among the semiconductors; the 
main reason being that it can be purified relatively well and crystallised easily. Germanium is an 
earth element and was discovered in 1886. It 1s recovered from the ash of certain coals or from the 
flue dust of zinc smelters. Generally, recovered germanium is in the form of germanium dioxide 


powder which is then reduced to pure germanium. 
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Fig. 5.2 


The atomic number of germanium is 32. Therefore, it has 32 protons and 32 electrons. Two 
electrons are in the first orbit, eight electrons in the second, eighteen electrons in the third and four 
electrons in the outer or valence orbit [See Fig. 5.2 (i)]. It 1s clear that germanium atom has four 
valence electrons i.e., it is a tetravalent element. Fig. 5.2 (ii) shows how the various germanium 
atoms are held through co-valent bonds. As the atoms are arranged in an orderly pattern, therefore, 
germanium has crystalline structure. 


(ii) Silicon. Silicon is an element in most of the common rocks. Actually, sand is silicon diox- 


ide. The silicon compounds are chemically reduced to silicon which is 100% pure for use as a 
semiconductor. 
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Fig. 5.3 


The atomic number of silicon is 14. Therefore, it has 14 protons and 14 electrons. Two electrons 
are in the first orbit, eight electrons in the second orbit and four electrons in the third orbit [See Fig. 
5.3 (i)]. Itis clear that silicon atom has four valence electrons i.e. it is a tetravalent element. Fig. 5.3 
(ii) shows how various silicon atoms are held through co-valent bonds. Like germanium, silicon 
atoms are also arranged in an orderly manner. Therefore, silicon has crystalline structure. 
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5.5 Energy Band Description of Semiconductors 


It has already been discussed that a semiconductor is a substance whose resistivity lies between 
conductors and insulators. The resistivity is of the order of 10“ to 0.5 ohm metre. However, a semi- 
conductor can be defined much more comprehensively on the basis of energy bands as under : 
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Fig. 5.4 Fig. 5.5 


A semiconductor is a substance which has almost filled valence band and nearly empty conduc- 
tion band with a very small energy gap (= I eV) separating the two. 


Figs. 5.4 and 5.5 show the energy band diagrams of germanium and silicon respectively. It may 
be seen that forbidden energy gap is very small; being 1.1 eV for silicon and 0.7 eV for germanium. 
Therefore, relatively small energy is needed by their valence electrons to cross over to the conduction 
band. Even at room temperature, some of the valence electrons may acquire sufficient energy to enter 
into the conduction band and thus become free electrons. However, at this temperature, the number of 
free electrons available 1s very *small. Therefore, at room temperature, a piece of germanium or 
silicon is neither a good conductor nor an insulator. For this reason, such substances are called semi- 
conductors. 


The energy band description is extremely helpful in understanding the current flow through a 
semiconductor. Therefore, we shall frequently use this concept in our further discussion. 


5.6 Effect of Temperature on Semiconductors 


The electrical conductivity of a semiconductor changes appreciably with temperature variations. This 
iS a very important point to keep in mind. 

(i) At absolute zero. At absolute zero temperature, all the electrons are tightly held by 
the semiconductor atoms. The inner orbit electrons are bound whereas the valence electrons are 
engaged in co-valent bonding. At this temperature, the co-valent bonds are very strong and there 
are no free electrons. Therefore, the semiconductor crystal behaves as a perfect insulator [See 
Fig. 5.6 (i)]. 

In terms of energy band description, the valence band 1s filled and there is a large energy gap 
between valence band and conduction band. Therefore, no valence electron can reach the conduction 
band to become free electron. It is due to the non-availability of free electrons that a semiconductor 
behaves as an insulator. 


* Out of 10°" semiconductor atoms, one atom provides a free electron. 
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(ii) Above absolute zero. When the temperature is raised, some of the covalent bonds in the 
semiconductor break due to the thermal energy supplied. The breaking of bonds sets those electrons 
free which are engaged in the formation of these bonds. The result 1s that a few free electrons exist in the 
semiconductor. These free electrons can constitute a tiny electric current if potential difference is 
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applied across the semiconductor crystal [See Fig. 5.7 (i)]. This shows that the resistance of a semi- 
conductor decreases with the rise in temperature i.e. 1t has negative temperature coefficient of resis- 
tance. It may be added that at room temperature, current through a semiconductor 1s too small to be 
of any practical value. 
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Fig. 5.7 


Fig. 5.7 (ii) shows the energy band diagram. As the temperature is raised, some of the valence 
electrons acquire sufficient energy to enter into the conduction band and thus become free electrons. 
Under the influence of electric field, these free electrons will constitute electric current. It may be 
noted that each time a valence electron enters into the conduction band, a hole is created in the 
valence band. As we shall see in the next article, holes also contribute to current. In fact, hole current 
is the most significant concept in semiconductors. 


5.7 Hole Current 


At room temperature, some of the co-valent bonds in pure semiconductor break, setting up free elec- 
trons. Under the influence of electric field, these free electrons constitute electric current. At the 
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same time, another current — the hole current — also flows in the semiconductor. When a covalent 
bond is broken due to thermal energy, the removal of one electron leaves a vacancy i.e. a missing 
electron in the covalent bond. This missing electron 1s called a *hole which acts as a positive charge. 
For one electron set free, one hole 1s created. Therefore, thermal energy creates hole-electron pairs, 
there being as many holes as the free electrons. The current conduction by holes can be explained as 
follows : 


The hole shows a missing electron. Suppose the valence electron at L (See Fig. 5.8) has become 
free electron due to thermal energy. This creates a hole in the co-valent bond at L. The hole is a 
strong centre of attraction **for the electron. A valence electron (say at M) from nearby co-valent 
bond comes to fill in the hole at L. This results in the creation of hole at M. Another valence electron 
(say at N) in turn may leave its bond to fill the hole at M, thus creating a hole at N. Thus the hole 
having a positive charge has moved from L to N i.e. towards the negative terminal of supply. This 
constitutes hole current. 


It may be noted that hole current is due to the movement of ***valence electrons from one co- 
valent bond to another bond. The reader may wonder why to call it a hole current when the conduc- 
tion 1s again by electrons (of course valence electrons |). The answer 1s that the basic reason for 
current flow is the presence of holes in the co-valent bonds. Therefore, it is more appropriate to 
consider the current as the movement of holes. 


Fig. 5.8 


Energy band description. The hole current 
can be beautifully explained in terms of energy 
bands. Suppose due to thermal energy, an electron 
leaves the valence band to enter into the conduc- 
tion band as shown in Fig. 5.9. eV 
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This leaves a vacancy at L. Now the valence 
electron at M comes to fill the hole at L. The result 
is that hole disappears at L and appears at M. Next, 
the valence electron at N moves into the hole at M. 
Consequently, hole is created at N. It is clear that 
valence electrons move along the path PNML 
whereas holes move in the opposite direction i.e. Fig. 5.9 
along the path LMNP. 


VALENCE BAND 


* Note that hole acts as a virtual charge, although there is no physical charge on it. 

** There is a strong tendency of semiconductor crystal to form co-valent bonds. Therefore, a hole attracts an 
electron from the neighbouring atom. 

*** Unlike the normal current which 1s by free electrons. 
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5.8 Intrinsic Semiconductor 


A semiconductor in an extremely pure form is known as an intrinsic semiconductor. 


In an intrinsic semiconductor, even at room temperature, hole-electron pairs are created. When 
electric field is applied across an intrinsic semiconductor, the current conduction takes place by two 
processes, namely ; by free electrons and holes as shown in Fig. 5.10. The free electrons are pro- 
duced due to the breaking up of some covalent bonds by thermal energy. At the same time, holes are 
created in the covalent bonds. Under the influence of electric field, conduction through the semicon- 
ductor is by both free electrons and holes. Therefore, the total current inside the semiconductor is the 
sum of currents due to free electrons and holes. 


It may be noted +—_—_——_ 
that current in the ex- FREE ELECTRONS 
ternal wires 1s fully 
electronic i.e. by 
electrons. What 
about the holes? Re- 
ferring to Fig. 5.10, 
holes being posi- 
tively charged move 
towards the negative 
terminal of supply. 
As the holes reach 
the negative terminal 
B, electrons enter the 
semiconductor crys- Fig. 5.10 
tal near the terminal 
and combine with holes, thus cancelling them. At the same time, the loosely held electrons near the 
positive terminal A are attracted away from their atoms into the positive terminal. This creates new 
holes near the positive terminal which again drift towards the negative terminal. 


5.9 Extrinsic Semiconductor 


The intrinsic semiconductor has little current conduction capability at room temperature. To be 
useful in electronic devices, the pure semiconductor must be altered so as to significantly increase its 
conducting properties. This is achieved by adding a small amount of suitable impurity to a semicon- 
ductor. It1s then called impurity or extrinsic semiconductor. The process of adding impurities to a 
semiconductor 1s known as doping. The amount and type of such impurities have to be closely 
controlled during the preparation of extrinsic semiconductor. Generally, for 10° atoms of semicon- 
ductor, one impurity atom is added. 


The purpose of adding impurity is to increase either the number of free electrons or holes in the 
semiconductor crystal. As we shall see, if a pentavalent impurity (having 5 valence electrons) is 
added to the semiconductor, a large number of free electrons are produced in the semiconductor. On 
the other hand, addition of trivalent impurity (having 3 valence electrons) creates a large number of 
holes in the semiconductor crystal. Depending upon the type of impurity added, extrinsic semicon- 
ductors are classified into: 


(i) n-type semiconductor (ii) p-type semiconductor 


5.10 n-type Semiconductor 


When a small amount of pentavalent impurity is added to a pure semiconductor, it is known as 
n-type semiconductor. 
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The addition of pentavalent impurity pro- 
vides a large number of free electrons in the 
semiconductor crystal. Typical examples of 
pentavalent impurities are arsenic (At. No. 33) 
and antimony (At. No. 51). Such impurities 
which produce n-type semiconductor are 
known as donor impurities because they do- 
nate or provide free electrons to the semicon- 
ductor crystal. 


FREE 
ELECTRON 


PENTAVALENT 

IMPURITY 
ATOM 

To explain the formation of n-type sem1- 


conductor, consider a pure germanium crys- 
tal. We know that germanium atom has four 
valence electrons. When a small amount of Fig. 5.11 

pentavalent impurity like arsenic is added to 

germanium crystal, a large number of free electrons become available in the crystal. The reason is 
simple. Arsenic is pentavalent i.e. its atom has five valence electrons. An arsenic atom fits in the 
germanium crystal in such a way that its four valence electrons form covalent bonds with four germa- 
nium atoms. The fifth valence electron of arsenic atom finds no place in co-valent bonds and 1s thus 
free as shown in Fig. 5.11. Therefore, for each arsenic atom added, one free electron will be available 
in the germanium crystal. Though each arsenic atom provides one free electron, yet an extremely 
small amount of arsenic impurity provides enough atoms to supply millions of free electrons. 


Fig. 5.12 shows the energy band description of 
n-type semi-conductor. The addition of pentavalent 


impurity has produced a number of conduction band CONDUCTION 
electrons i.e., free electrons. The four valence elec- G BAND 
trons of pentavalent atom form covalent bonds with i 

four neighbouring germanium atoms. The fifth left 

over valence electron of the pentavalent atom can- 2 VALENCE 
not be accommodated in the valence band and trav- BAND 


els to the conduction band. The following points 
may be noted carefully : 


(i) Many new free electrons are produced by 
the addition of pentavalent impurity. Fig. 5.12 


(ii) Thermal energy of room temperature still generates a few hole-electron pairs. However, the 
number of free electrons provided by the pentavalent impurity far exceeds the number of holes. It is 
due to this predominance of electrons over holes that it is called n-type semiconductor (n stands for 
negative). 


n-type conductivity. The current conduction in an n-type semiconductor is predominantly by 
free electrons i.e. negative charges and 1s called n-type or electron type conductivity. To understand 
n-type conductivity, refer to Fig. 5.13. When p.d. 1s applied across the n-type semiconductor, the free 
electrons (donated by impurity) in the crystal will be directed towards the positive terminal, constitut- 
ing electric current. As the current flow through the crystal is by free electrons which are carriers of 
negative charge, therefore, this type of conductivity is called negative or n-type conductivity. It may 
be noted that conduction 1s just as in ordinary metals like copper. 
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Fig. 5.13 


5.11 p-type Semiconductor 


When a small amount of trivalent impurity is added to a pure semiconductor, it is called p-type 
semiconductor. 

The addition of trivalent impurity provides a large number of holes in the semiconductor. Typical 
examples of trivalent impurities are gallium (At. No. 31) and indium (At. No. 49). Such impurities 
which produce p-type semiconductor are known as acceptor impurities because the holes created can 
accept the electrons. 


To explain the formation of p-type 
semiconductor, consider a _ pure 
germanium crystal. When a small amount 
of trivalent impurity like gallium is added 


to germanium crystal, there exists a large oon 
number of holes in the crystal. The reason ATOM 


is simple. Gallium is trivalent i.e. its atom 
has three valence electrons. Each atom of 
gallium fits into the germanium crystal but 
now only three co-valent bonds can be 
formed. It is because three valence 
electrons of gallium atom can form only 
three single co-valent bonds with three 
germanium atoms as shown in Fig. 5.14. 
In the fourth co-valent bond, only 
germanium atom contributes one valence Fig. 5.14 

electron while gallium has no valence 

electron to contribute as all its three valence electrons are already engaged in the co-valent bonds 
with neighbouring germanium atoms. In other words, fourth bond 1s incomplete; being short of one 
electron. This missing electron is called a hole. Therefore, for each gallium atom added, one hole is 
created. A small amount of gallium provides millions of holes. 


Fig. 5.15 shows the energy band description of the p-type semiconductor. The addition of triva- 
lent impurity has produced a large number of holes. However, there are a few conduction band 
electrons due to thermal energy associated with room temperature. But the holes far outnumber the 
conduction band electrons. It is due to the predominance of holes over free electrons that it is called 
p-type semiconductor ( p stands for positive). 
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p-type conductivity. The current conduction 1n p-type semiconductor 1s predominantly by holes 
i.e. positive charges and 1s called p-type or hole-type conductivity. To understand p-type conductiv- 
ity, refer to Fig. 5.16. When p.d. is applied to the p-type semiconductor, the holes (donated by the 
impurity ) are shifted from one co-valent bond to another. As the holes are positively charged, there- 
fore, they are directed towards the negative terminal, constituting what is known as hole current. It 
may be noted that in p-type conductivity, the valence electrons move from one co-valent bond to 
another unlike the n-type where current conduction 1s by free electrons. 


5.12 Charge on n-type and p-type Semiconductors 


As discussed before, in n-ty pe semiconductor, current conduction is due to excess of electrons whereas 
in a p-type semiconductor, conduction 1s by holes. The reader may think that n-type material has a net 
negative charge and p-type a net positive charge. But this conclusion is wrong. It is true that n-type 
semiconductor has excess of electrons but these extra electrons were supplied by the atoms of donor 
impurity and each atom of donor impurity is electrically neutral. When the impurity atom 1s added, 
the term “excess electrons” refers to an excess with regard to the number of electrons needed to fill 
the co-valent bonds in the semiconductor crystal. The extra electrons are free electrons and increase 
the conductivity of the semiconductor. The situation with regard to p-type semiconductor 1s also similar. 
It follows, therefore, that n-type as well as p-type semiconductor is electrically neutral. 


5.13 Majority and Minority Carriers 


It has already been discussed that due to the effect of impurity, n-type material has a large number of 
free electrons whereas p-type material has a large number of holes. However, it may be recalled that 
even at room temperature, some of the co-valent bonds break, thus releasing an equal number of free 
electrons and holes. An n-type material has its share of electron-hole pairs (released due to breaking 
of bonds at room temperature) but in addition has a much larger quantity of free electrons due to the 
effect of impurity. These impurity-caused free electrons are not associated with holes. Consequently, 
an n-type material has a large number of free electrons and a small number of holes as shown 1n Fig. 
5.17 Gi). The free electrons 1n this case are considered majority carriers — since the majority portion 
of current in n-type material is by the flow of free electrons — and the holes are the minority carriers. 


Similarly, in a p-type material, holes outnumber the free electrons as shown in Fig. 5.17 (ii). 
Therefore, holes are the majority carriers and free electrons are the minority carriers. 
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Fig. 5.17 
5.14 pn Junction 


When a p-type semiconductor is suitably joined to n-type semiconductor, the contact surface is called 
pn junction. 

Most semiconductor devices contain one or more pn junctions. The pn junction is of great 
importance because it 1s in effect, the control element for semiconductor devices. A thorough knowl- 
edge of the formation and properties of pn junction can enable the reader to understand the semicon- 
ductor devices. 

Formation of pn junction. In actual practice, the characteristic properties of pn junction will 
not be apparent if a p-type block is just brought in contact with n-type block. In fact, pn junction is 
fabricated by special techniques. One common method of making pn junction 1s called alloying. In 
this method, a small block of indium (trivalent impurity) is placed on an n-type germanium slab as 
shown in Fig. 5.18 (i). The system is then heated to a temperature of about 500°C. The indium and 

INDIUM some of the germanium melt to form a small puddle of molten 
germanium-indium mixture as shown in Fig. 5.18 (ii). The tem- 
Se See ie Se ee perature is then lowered and puddle begins to solidify. Under 


S222 ===2======5 proper conditions, the atoms of indium impurity will be suitably 


eee TYPE Goo = adjusted in the germanium slab to form a single crystal. The addi- 
tion of indium overcomes the excess of electrons in the n-type 
germanium to such an extent that it creates a p-type region. 


Y)édé: 


As the process goes on, the remaining molten mixture 
becomes increasingly rich in indium. When all germanium has 
been redeposited, the remaining material appears as indium but- 
ton which is frozen on to the outer surface of the crystallised 
portion as shown in Fig. 5.18 (iii). This button serves as a suit- 
able base for soldering on leads. 
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5.15 Properties of pn Junction 


At the instant of pn-junction formation, the free electrons near the junction in the n region begin to 
diffuse across the junction into the p region where they combine with holes near the junction. The 
result is that n region loses free electrons as they diffuse into the junction. This creates a layer of 
positive charges (pentavalent ions) near the junction. As the electrons move across the junction, the p 
region loses holes as the electrons and holes combine. The result 1s that there is a layer of negative 
charges (trivalent ions) near the junction. These two layers of positive and negative charges form the 
depletion region (or depletion layer). The term depletion 1s due to the fact that near the junction, the 
region 1s depleted (i.e. emptied) of charge carries (free electrons and holes) due to diffusion across 
the junction. It may be noted that depletion layer 1s formed very quickly and is very thin compared to 
the n region and the p region. For clarity, the width of the depletion layer is shown exaggerated. 
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Once pn junction is formed and depletion layer created, the diffusion of free electrons stops. In 
other words, the depletion region acts as a barrier to the further movement of free electrons across the 
junction. The positive and negative charges set up an electric field. This 1s shown by a black arrow in 
Fig. 5.19 (i). The electric field is a barrier to the free electrons in the n-region. There exists a potential 
difference across the depletion layer and is called barrier potential (V,). The barner potential of a pn 
junction depends upon several factors including the type of semiconductor material, the amount of 
doping and temperature. The typical barrier potential is approximately: 

For silicon, V, = 0.7 V ; For germanium, V, = 0.3 V 

Fig. 5.20 shows the potential (V,) distribution curve. 


5.16 Applying D.C. Voltage Across pn Junction or Biasing 
a pn Junction 


In electronics, the term bias refers to the use of d.c. voltage to establish certain operating conditions 
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for an electronic device. In relation to a pn junction, there are following two bias conditions : 
1. Forward biasing 2. Reverse biasing 


1. Forward biasing. When external d.c. voltage applied to the junction is in such a direction 
that it cancels the potential barrier, thus permitting current flow, it is called forward biasing. 


To apply forward bias, connect positive terminal of the battery to p-type and negative terminal to 
n-type as shown in Fig. 5.21. The applied forward potential establishes an electric field which acts 
against the field due to potential barner. Therefore, the resultant field is weakened and the barrier 
height 1s reduced at the junction as shown in Fig. 5.21. As potential barrier voltage is very small 
(0.1 to 0.3 V), therefore, a small forward voltage 1s sufficient to completely eliminate the barrier. 
Once the potential barrier is eliminated by the forward voltage, junction resistance becomes almost 
zero and a low resistance path is established for the entire circuit. Therefore, current flows in the 
circuit. This is called forward current. With forward bias to pn junction, the following points are 
worth noting : 

(i) The potential barrier is reduced and at some forward voltage (0.1 to 0.3 V), it 1s eliminated 
altogether. 


(ii) The junction offers low resistance (called forward resistance, R 7) to current flow. 


(iii) Current flows in the circuit due to the establishment of low resistance path. The magnitude 
of current depends upon the applied forward voltage. 
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Fig. 5.22 


2. Reverse biasing. When the external d.c. voltage applied to the junction is in such a 
direction that potential barrier is increased, it is called reverse biasing. 


To apply reverse bias, connect negative terminal of the battery to p-type and positive terminal to 
n-type as shown in Fig. 5.22. Itis clear that applied reverse voltage establishes an electric field which 
acts in the same direction as the field due to potential barrier. Therefore, the resultant field at the 
junction is strengthened and the barrier height 1s increased as shown 1n Fig. 5.22. The increased 
potential barrier prevents the flow of charge carriers across the junction. Thus, a high resistance path 
is established for the entire circuit and hence the current does not flow. With reverse bias to pn 
junction, the following points are worth noting : 


(i) The potential barrier 1s increased. 


(ii) The junction offers very high 
resistance (called reverse resistance, R,) 
to current flow. 


(iit) No current flows in the circuit 
due to the establishment of high resis- 
tance path. 


Conclusion. From the above dis- 
cussion, 1t follows that with reverse bias 
to the junction, a high resistance path 1s 
established and hence no current flow 
occurs. On the other hand, with forward 
bias to the junction, a low resistance path 
is set up and hence current flows in the 
circuit. 


Semiconductor Physics @ 69 


5.17 Current Flow in a Forward Biased pn Junction 


We shall now see how current flows across pn junction when it 1s forward biased. Fig. 5.23 shows a 
forward biased pn junction. Under the influence of forward voltage, the free electrons in n-type move 
*towards the junction, leaving behind positively charged atoms. However, more electrons arrive 
from the negative battery terminal and enter the n-region to take up their places. As the free electrons 
reach the junction, they become **valence electrons. As valence electrons, they move through the 
holes in the p-region. The valence electrons move towards left in the p-region which is equivalent to 
the holes moving to right. When the valence electrons reach the left end of the crystal, they flow into 


the positive terminal of the battery. 


Fig. 5.23 


The mechanism of current flow in a forward biased pn junction can be summed up as under : 


(i) The free electrons from the negative terminal continue to pour into the n-region while the 
free electrons in the n-region move towards the junction. 


(ii) The electrons travel through the n-region as free-electrons i.e. current in n-region is by free 


electrons. 


* Note that negative terminal of battery is connected to n-type. It repels the free electrons in n-type towards 


the junction. 


** A hole is in the co-valent bond. When a free electron combines with a hole, it becomes a valence electron. 


70 @ Principles of Electronics 


(iit) When these electrons reach the junction, they combine with holes and become valence elec- 
trons. 
(iv) The electrons travel through p-region as valence electrons i.e. current in the p-region is by holes. 
(v) When these valence electrons reach the left end of crystal, they flow into the positive term1- 
nal of the battery. 
From the above discussion, it 1s concluded that in n-type region, current is carried by free elec- 
trons whereas in p-type region, it 1s carried by holes. However, in the external connecting wires, the 
current is carried by free electrons. 


5.18 Volt-Ampere Characteristics of on Junction 


Volt-ampere or V-/ characteristic of a pn junction (also called a crystal or semiconductor diode) 1s the 
curve between voltage across the junction and the circuit current. Usually, voltage 1s taken along x- 
axis and current along y-axis. Fig. 5.24 shows the *circuit arrangement for determining the V-/ 
characteristics of a pn junction. The characteristics can be studied under three heads, namely; zero 
external voltage, forward bias and reverse bias. 


K R 


Fig. 5.24 


(i) Zero external voltage. When the external voltage is zero, i.e. circuit is open at K, the 
potential barrier at the junction does not permit current flow. Therefore, the circuit current is zero as 
indicated by point O in Fig. 5.25. 

I, (mA) 


200 


1507 BARRIER 
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BREAKDOWN 
VOLTAGE 


* Ris the current limiting resistance. It prevents the forward current from exceeding the permitted value. 
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(ii) Forward bias. With forward bias to the pn junction i.e. p-type connected to positive terminal 
and n-type connected to negative terminal, the potential barrier 1s reduced. At some forward voltage 
(0.7 V for Si and 0.3 V for Ge), the potential barrier is altogether eliminated and current starts flowing 
in the circuit. From now onwards, the current increases with the increase in forward voltage. Thus, a 
rising curve OB 1s obtained with forward bias as shown in Fig. 5.25. From the forward characteristic, it 
is seen that at first (region OA),the current increases very slowly and the curve is non-linear. It is 
because the external applied voltage 1s used up 1n overcoming the potential barrier. However, once the 
external voltage exceeds the potential barrier voltage, the pn junction behaves like an ordinary conduc- 
tor. Therefore, the current rises very sharply with increase in external voltage (region AB on the curve). 
The curve is almost linear. 


(iii) Reverse bias. With ELECTRON HOLE 
reverse bias to the pn junction i.e. (MINORITY CARRIER) — p yy «MMING@RITY GARRIER) 
p-type connected to negative 
terminal and n-type connected to 
positive terminal, potential 
barrier at the junction is 
increased. Therefore, the 
junction resistance becomes very 
high and practically no current 
flows through the circuit. 
However, in practice, a very small 
current (of the order of WA) flows 
in the circuit with reverse bias as Fig. 5.26 
shown in the reverse 
characteristic. This is called reverse *saturation current (J,) and is due to the minority carriers. It 
may be recalled that there are a few free electrons in p-type material and a few holes in n-type 
material. These undesirable free electrons in p-type and holes in n-type are called minority carriers. 
As shown in Fig. 5.26, to these minority carriers, the applied reverse bias appears as forward bias. 
Therefore, a **small current flows in the reverse direction. 


If reverse voltage is increased continuously, the kinetic energy of electrons (minority carriers) 
may become high enough to knock out electrons from the semiconductor atoms. At this stage break- 
down of the junction occurs, characterised by a sudden rise of reverse current and a sudden fall of the 
resistance of barrier region. This may destroy the junction permanently. 

Note. The forward current through a pn junction is due to the majority carriers produced by the impurity. 
However, reverse current is due to the minority carriers produced due to breaking of some co-valent bonds at 
room temperature. 


5.19 Important Terms 


Two important terms often used with pn junction (i.e. crystal diode) are breakdown voltage and knee 
voltage. We shall now explain these two terms in detail. 


(i) Breakdown voltage. /t is the minimum reverse voltage at which pn junction breaks down 
with sudden rise in reverse current. 


Under normal reverse voltage, a very little reverse current flows through a pn junction. How- 
ever, if the reverse voltage attains a high value, the junction may break down with sudden rise in 


i or re, oo a ne ee a a oe ee ee ey ee ee ee) ee ee: er oe oe a a ee ee ee, ee a a, oe a ee oe en ee eo er) fo ee, 


* The term saturation comes from the fact that it reaches its maximum level quickly and does not signifi- 
cantly change with the increase in reverse voltage. 

** Reverse current increases with reverse voltage but can generally be regarded as negligible over the work- 
ing range of voltages. 
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reverse current. For understanding this point, refer to Fig. 5.27. Even at room temperature, some 
hole-electron pairs (minority carriers) are produced 1n the depletion layer as shown in Fig. 5.27 (i). 
With reverse bias, the electrons move towards the positive terminal of supply. At large reverse volt- 
age, these electrons acquire high enough velocities to dislodge valence electrons from semiconductor 
atoms as shown in Fig. 5.27 (ii). The newly liberated electrons 1n turn free other valence electrons. In 
this way, we get an avalanche of free electrons. Therefore, the pn junction conducts a very large 
reverse current. 

Once the breakdown voltage is reached, the high reverse current may damage the junction. There- 
fore, care should be taken that reverse voltage across a pn junction 1s always less than the breakdown 
voltage. 


VALENCE 
FREE ELECTRON 
ELECTRON i” 
— —_3 
(zi) 


Fig. 5.27 


(ii) Knee voltage. /t is the forward voltage at which the current through the junction starts to 
increase rapidly. 

When a diode is forward biased, 1t conducts current very slowly until we overcome the potential 
barrier. For silicon pn junction, potential barrier 1s 0.7 V whereas it is 0.3 V for germanium junction. 
It is clear from Fig. 5.28 that knee voltage for silicon diode is 0.7 V and 0.3 V for germanium diode. 

Once the applied forward voltage exceeds the knee voltage, the current starts increasing rapidly. 
It may be added here that in order to get useful current through a pn junction, the applied voltage must 
be more than the knee voltage. 

Note. The potential barrier voltage is also known as turn-on voltage. This is obtained by taking the 
straight line portion of the forward characteristic and extending it back to the horizontal axis. 
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Fig. 5.28 
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5.20 Limitations in the Operating Conditions of pn Junction 


Every pn junction has limiting values of maximum forward current, peak inverse voltage and maxi- 
mum power rating. The pnjunction will give satisfactory performance if it is operated within these 
limiting values. However, if these values are exceeded, the pn junction may be destroyed due to 
excessive heat. 


(i) Maximum forward current. It is the highest instantaneous forward current that a pn 
junction can conduct without damage to the junction. Manufacturer’s data sheet usually specifies this 
rating. If the forward current in a pn junction is more than this rating, the junction will be destroyed 
due to overheating. 


(ii) Peak inverse voltage (PIV). Itis the maximum reverse voltage that can be applied to the pn 
junction without damage to the junction. If the reverse voltage across the junction exceeds its PIV, 
the junction may be destroyed due to excessive heat. The peak inverse voltage is of particular impor- 
tance 1n rectifier service. A pn junction i.e. a crystal diode 1s used as a rectifier to change alternating 
current into direct current. In such applications, care should be taken that reverse voltage across the 
diode during negative half-cycle of a.c. does not exceed the PIV of diode. 


(iii) Maximum power rating. It is the maximum power that can be dissipated at the junction 
without damaging it. The power dissipated at the junction is equal to the product of junction current 
and the voltage across the junction. This is a very important consideration and is invariably specified 
by the manufacturer in the data sheet. 


MULTIPLE-CHOICE QUESTIONS 


1. A semiconductor 1s formed by ........ bonds. (iii) remainsthe same (iv) cannot say 
(i) covalent (ii) electrovalent 8. The strength of a semiconductor crystal 
(iii) co-ordinate (iv) none of the above comes from ........ 
2. A semiconductor has ........ temperature (i) forces between nuclei 
coefficient of resistance. (ii) forces between protons 
(i) positive (ii) Zero (iii) electron-pair bonds 
(iii) negative (iv) none of the above (iv) none of the above 


3. The most commonly used semiconductoris | 9, When a pentavalent impurity is added to a 
sihedins pure semiconductor, it becomes ........ 


(i) germanium (ii) silicon (i) an insulator 
(iii) carbon (iv) sulphur (ii) an intrinsic semiconductor 
4. A semiconductor has generally ........ (iii) p-type semiconductor 
valence electrons. (iv) n-type semiconductor 
(i) 2 (ti) 3 10. Addition of pentavalent impurity to a sem1- 
(iii) 6 (iv) 4 conductor creates many ........ 
5. The resistivity of pure germanium under (i) freeelectrons (ii) holes 
standard conditions 1s about ........ (iii) valence electrons 
(i) 6x 10° Q cm (ii) 60 Q cm (iv) bound electrons 
(iii) 3x 10° Q em (iv) © x 10 *Qem 11. A pentavalent impurity has ........ valence 
6. The resistivity of pure silicon is about ........ electrons. 
(i) 100 Qcm (ii) 6000 Q cm (i) 3 (ii) 5 
(iii) 3x10°Qem (iv) 16x10 > Qem (iii) 4 (iv) 6 
7. When a pure semiconductor 1s heated, its | 12. Ann-type semiconductor is ........ 
resistance ........ (i) positively charged 


(i) goes up (ii) goesdown (ii) negatively charged 
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(iii) electrically neutral 
(iv) none of the above 


13. A trivalent impurity has ........ valence 
electrons. 
(i) 4 (ii) 5 
(iii) 6 (iv) 3 


14. Addition of trivalent impurity to a semicon- 
ductor creates many ........ 


(i) holes 
(iii) valence electrons 


(ii) free electrons 


(iv) bound electrons 
15. A hole in a semiconductor 1s defined as ........ 
(i) a free electron 


(ii) the incomplete part of an electron pair 
bond 


(iii) afree proton 
(iv) afree neutron 


16. The impurity level in an extrinsic semicon- 
ductor 1s about ........ of pure semiconductor. 


(i) 10 atoms for 10° atoms 
(ii) 1 atom for 10° atoms 
(iii) 1 atom for 10* atoms 
(iv) 1 atom for 100 atoms 
17. As the doping to a pure semiconductor 
increases, the bulk resistance of the 
semiconductor ........ 
(i) remains the same 
(ii) increases 
(iii) decreases 
(iv) none of the above 
18. A hole and electron in close proximity would 
tend to 


(i) repel each other 


(ii) attract each other 
(iii) have no effect on each other 
(iv) none of the above 
19. In a semiconductor, current conduction 1s 
UG xiii 
(i) only to holes 
(ii) only to free electrons 
(iii) to holes and free electrons 
(iv) none of the above 
20. The random motion of holes and free elec- 
trons due to thermal agitation 1s called ........ 


(i) diffusion 
(iii) ionisation 


(ii) pressure 
(iv) none of the above 


21. A forward biased pn junction has a resistance 
of the ........ 


(i) order of Q 
(iii) order of MQ 
22. The battery connections required to forward 
bias a pn junction are ........ 


(ii) order of kQ 
(iv) none of the above 


(i) +ve terminal to p and —ve terminal to n 
(11) 
(iii) 
(vy) 
23. The barrier voltage at a pn junction for ger- 
manium is about ........ 
Gi) 35V (ii) 3V 
(iii) zero (iv) 0.3 V 
24. Inthe depletion region of a pn junction, there 
is a Shortage of .......... 


—ve terminal to p and +ve terminal to n 
—ve terminal to p and —ve terminal to n 
none of the above 


(i) acceptorions (ii) holesand electrons 


(iii) donor ions (iv) none of the above 
25. A reverse biased pn junction has ........ 
(i) very narrow depletion layer 
(ii) 
(iii) 
(7v) 


26. A pnjunction acts as a........ 


almost no current 
very low resistance 
large current flow 


(i) controlled switch 
(ii) bidirectional switch 
(iii) unidirectional switch 
(iv) none of the above 
27. A reverse biased pn junction has resistance 


(i) order of Q 
(iii) order of MQ 
28. The leakage current across a pn junction is 
due to ........ 


(ii) order of kQ 
(iv) none of the above 


(i) munority carriers 

(ii) majority carriers 
(iii) junction capacitance 
(iv) none of the above 


29. When the temperature of an extrinsic semi- 
conductor is increased, the pronounced 
effect is on ........ 


(i) junction capacitance 
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(ii) minority carriers 33. At room temperature, an intrinsic semicon- 
(iii) majority carriers ductor has ........ 
(iv) none of the above (i) many holes only 
30. With forward bias to a pn junction, the width (ii) afew free electrons and holes 
of depletion layer ........ (iii) many free electrons only 
(i) decreases (ii) increases (iv) no holes or free electrons 
(iii) remains the same 34. At absolute temperature, an intrinsic semi- 
(iv) none of the above conductor has ........ 
31. The leakage current in a pn junction is of (i) afew free electrons 
the order of ........ (ii) many holes 
@) A (ii) mA (iii) many free electrons 
(iii) kA (iv) WA (iv) no holes or free electrons 
32. In an intrinsic semiconductor, the number of | 35, At room temperature, an intrinsic silicon 
free electrons ........ crystal acts approximately as ........ 
(i) equals the number of holes (i) a battery 
(ii) 1s greater than the number of holes (ii) a conductor 
(iii) 1s less than the number of holes (iii) an insulator 


(iv) none of the above (iv) a piece of copper wire 


Answers to Multiple-Choice Questions 
. (iii) . (ii) 4. (iv) 
. (ii) . (iii) 9. (iv) 
. (iii) . (iv) 14. (i) 


. (iii) . (ii) 19. (iii) 
.@ . (iv) 24. (ii) 
. (iii) . w 29. (ii) 
.@ . (ii) 34. (iv) 


Chapter Review Topics 


. What do you understand by a semi-conductor ? Discuss some important properties of semiconductors. 
. Which are the most commonly used semiconductors and why ? 

. Give the energy band description of semiconductors. 

. Discuss the effect of temperature on semiconductors. 

. Give the mechanism of hole current flow in a semiconductor. 

. What do you understand by intrinsic and extrinsic semiconductors ? 

. Whatisa pn junction ? Explain the formation of potential barrier in a pn junction. 

. Discuss the behaviour of a pn junction under forward and reverse biasing. 


SANA Nn bh W N = 


. Draw and explain the V-J characteristics of a pn junction. 


=" 
—) 


. Write short notes on the following : 


(i) Breakdown voltage 
(ii) Knee voltage 
(iii) Limitations in the operating conditions of pn junction 


Discussion Questions 
. Why tsa semiconductor an insulator at ordinary temperature ? 
. Why are electron carriers present in p-type semiconductor ? 


. Why 1s silicon preferred to germanium in the manufacture of semiconductor devices ? 


. What is the importance of peak inverse voltage ? 


Semiconductor 
Diode 


6.1 Semiconductor Diode 

6.3 Resistance of Crystal Diode 

6.5 Crystal Diode Equivalent Circuits 
6.7 Crystal Diode Rectifiers 


6.9 Output Frequency of Half-Wave 
Rectifier 


6.11 Full-Wave Rectifier 

6.13 Full-Wave Bridge Rectifier 

6.15 Efficiency of Full-Wave Rectifier 
6.17 Nature of Rectifier Output 

6.19 Comparison of Rectifiers 

6.21 Types of Filter Circuits 

6.23 Half-Wave Voltage Doubler 

6.25 Zener Diode 

6.27 Zener Diode as Voltage Stabiliser 


6.29 Crystal Diodes versus Vacuum 
Diodes 


INTRODUCTION 


T has already been discussed in the previous chapter that a pn junction conducts current easily 


when forward biased and practically no current flows when it is reverse biased. This unilateral 

conduction characteristic of pn junction (i.e. semiconductor diode) is similar to that of a 
vacuum diode. Therefore, like a vacuum diode, a semiconductor diode can also accomplish the 
job of rectification i.e. change alternating current to direct current. However, semiconductor 
diodes have become more *popular as they are smaller in size, cheaper and robust and usually 
operate with greater efficiency. In this chapter, we shall focus our attention on the circuit perfor- 
mance and applications of semiconductor diodes. 


* On the other hand, vacuum diodes can withstand high reverse voltages and can operate at fairly high 
temperatures. 
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6.1 Semiconductor Diode 
A pn junction is known as a semi-conductor or *crystal diode. 


The outstanding property of a crystal diode to conduct currentinone |©ARROWHEAD BAR 
direction only permits it to be used as a rectifier. A crystal diode is usually 
represented by the schematic symbol shown in Fig. 6.1. The arrow in the pf 
symbol indicates the direction of easier conventional current flow. 


A crystal diode has two ter- 

minals. When it 1s connected Fig. 6.1 

in a circuit, one thing to decide 1s whether the diode is 
forward or reverse biased. There 1s an easy rule to ascer- 
tain it. If the external circuit is trying to push the con- 
ventional current in the direction of arrow, the diode 1s forward biased. On the other hand, if the 
conventional current is trying to flow opposite to arrowhead, the diode is reverse biased. Putting in 
simple words : 


(i) If arrowhead of diode symbol 1s positive w.r-t. bar of the symbol, the diode is forward biased. 
(ii) If the arrowhead of diode symbol 1s negative w.rt. bar, the diode 1s reverse biased. 


Identification of crystal diode terminals. While using a crystal diode, it is often necessary to 
know which end is arrowhead and which end 1s bar. For this purpose, the following methods are 
available : 

(i) Some manufacturers actually paint the symbol on the body of the diode e.g. BY127, BY114 
crystal diodes manufactured by BEL [See Fig. 6.2 ()]. 


BLUE RED 
BY 127 OA 80 
(i) (ii) 


Fig. 6.2 


(ii) Sometimes, red and blue marks are used on the body of the crystal diode. Red mark denotes 
arrow whereas blue mark indicates bar e.g. OA80 crystal diode [See Fig. 6.2 (ii)]. 


6.2 Crystal Diode as a Rectifier 


Fig. 6.3 illustrates the rectifying action of a crystal diode. The a.c. input voltage to be rectified, the 
diode and load R, are connected in series. The d.c. output is obtained across the load as explained in 
the following discussion. During the positive half-cycle of a.c. input voltage, the arrowhead becomes 
positive w.rt. bar. Therefore, diode is forward biased and conducts current in the circuit. The result 
is that positive half-cycle of input voltage appears across R, as shown. However, during the negative 
half-cycle of input a.c. voltage, the diode becomes reverse biased because now the arrowhead 1s 
negative w.rt. bar. Therefore, diode does not conduct and no voltage appears across load R,. The 
result is that output consists of positive half-cycles of input a.c. voltage while the negative half-cycles 
are suppressed. In this way, crystal diode has been able to do rectification 1.e. change a.c. into d.c. It 
may be seen that output across R, is pulsating d.c. 


* So called because pn junction is grown out of a crystal. 
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It is interesting to see that behaviour of diode 1s like a switch. When the diode is forward biased, 
it behaves like a closed switch and connects the a.c. supply to the load R,. However, when the diode 
is reverse biased, it behaves like an open switch and disconnects the a.c. supply from the load R,. 
This switching action of diode permits only the positive half-cycles of input a.c. voltage to appear 


across R L: 
V V cs 
50V ¢- 50V 
0 é ; t 


Fig. 6.3 


Example 6.1. In each diode circuit of Fig. 6.4, find whether the diodes are forward or reverse 
biased. 


(iii) (7v) 
Fig. 6.4 


Solution. 

(i) Refer to Fig. 6.4 (@). The conventional current coming out of battery flows in the branch 
circuits. In diode D,, the conventional current flows in the direction of arrowhead and hence this 
diode is forward biased. However, in diode D,,the conventional current flows opposite to arrowhead 
and hence this diode is reverse biased. 

(ii) Refer to Fig. 6.4 (ii). During the positive half-cycle of input a.c. voltage, the conventional 
current flows in the direction of arrowhead and hence diode 1s forward biased. However, during the 
negative half-cycle of input a.c. voltage, the diode is reverse biased. 


(iii) Refer to Fig. 6.4 (iii). During the positive half-cycle of input a.c. voltage, conventional 
current flows in the direction of arrowhead in D, but it flows opposite to arrowhead in D,. Therefore, 
during positive half-cycle, diode D, is forward biased and diode D, reverse biased. However, during 
the negative half-cycle of input a.c. voltage, diode D, is forward biased and D, 1s reverse biased. 
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(iv) Refer to Fig. 6.4 (iv). During the positive half-cycle of input a.c. voltage, both the diodes are 
reverse biased. However, during the negative half-cycle of input a.c. voltage, both the diodes are 
forward biased. 


6.3 Resistance of Crystal Diode 


It has already been discussed that a forward biased diode conducts easily whereas a reverse biased 
diode practically conducts no current. It means that forward resistance of a diode 1s quite small as 
compared with its reverse resistance. 


1. Forward resistance. The resistance offered by the diode to forward bias is known as forward 
resistance. This resistance is not the same for the flow of direct current as for the changing current. 
Accordingly; this resistance 1s of two types, namely; d.c. forward resistance and a.c. forward resistance. 

(i) d.c. forward resistance. It is the opposition offered by the diode to the direct current. It is 
measured by the ratio of d.c. voltage across the diode to the resulting d.c. current through it. Thus, 
referring to the forward characteristic in Fig. 6.5, it 1s clear that when forward voltage is OA, the 
forward current is OB. 


OA 
OB 
(ii) a.c. forward resistance. It is the opposition offered by the diode to the changing forward 


current. It is measured by the ratio of change in voltage across diode to the resulting change in current 
through it i.e. 


d.c. forward resistance, Rr = 


Change in voltage across diode 


Corresponding change in current through diode 
Ip 


a.c. forward resistance, rp = 


A 


Fig. 6.5 Fig. 6.6 


The a.c. forward resistance is more significant as the diodes are generally used with alternating 
voltages. The a.c. forward resistance can be determined from the forward characteristic as shown in 
Fig. 6.6. If P is the operating point at any instant, then forward voltage is ob and forward current 1s oe. 
To find the a.c. forward resistance, vary the forward voltage on both sides of the operating point 
equally as shown in Fig. 6.6 where ab = bc. It is clear from this figure that : 


For forward voltage oa, circuit current 1s od. 
For forward voltage oc, circuit current is of. 


Change in forward voltage oc — oa 
a.c. forward resistance, r, = see ee, _ ac 


Change in forward current of -od df 


It may be mentioned here that forward resistance of a crystal diode is very small, ranging from | 
to 25 Q. 
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2. Reverse resistance. The resistance offered by the diode to the reverse bias is known as 
reverse resistance. It can be d.c. reverse resistance or a.c. reverse resistance depending upon whether 
the reverse bias is direct or changing voltage. Ideally, the reverse resistance of a diode is infinite. 
However, in practice, the reverse resistance 1s not infinite because for any value of reverse bias, there 
does exist a small leakage current. It may be emphasised here that reverse resistance 1s very large 
compared to the forward resistance. In germanium diodes, the ratio of reverse to forward resistance 
is 40000 : | while for silicon this ratio is 1000000 : I. 


6.4 Equivalent Circuit of Crystal Diode 


It is generally profitable to replace a device or system by its equivalent circuit. An equivalent circuit 
of a device (e.g. crystal diode, transistor etc.) is a combination of electric elements, which when 
connected in a circuit, acts exactly as does the device when connected in the same circuit. Once the 
device 1s replaced by its equivalent circuit, the resulting network can be solved by traditional circuit 
analysis techniques. We shall now find the equivalent circuit of a crystal diode. 


(1) *Approximate Equivalent circuit. When the forward voltage V,,1s applied across a diode, 
it will not conduct till the potential barrier V, at the junction is overcome. When the forward voltage 
exceeds the potential barrier voltage, the diode starts conducting as shown in Fig. 6.7 (i). The for- 
ward current /, flowing through the diode causes a voltage drop in its internal resistance r,. There- 
fore, the forward voltage V,, applied across the actual diode has to overcome : 

(a) potential barrier V, 

(b) internal drop / Ve 

Ve = Vo + Ler, 

For a silicon diode, V, = 0.7 V whereas for a germanium diode, V, = 0.3 V. 

Therefore, approximate equivalent circuit for a crystal diode is a switch in series with a battery 
V, and internal resistance r,as shown in Fig. 6.7 (ii). This approximate equivalent circuit of a diode 
is very helpful in studying the performance of the diode 1n a circuit. 


SWITCH 


+ Ir 7 | — + ‘*f 7 | f = 
re re 


DIODE EQUIVALENT CIRCUIT 
(7) (i1) 
Fig. 6.7 
(it) Simplified Equivalent circuit. For most applications, the internal resistance r, of the 
crystal diode can be ignored 1n comparison to other elements in the equivalent circuit. The equivalent 
circuit then reduces to the one shown in Fig. 6.8 (ii). This simplified equivalent circuit of the crystal 
diode is frequently used in diode-circuit analysis. 


SWITCH 


3 +s >| = + 4 _ 
Yo 
|} , ———> «_—_—— y, ———4 
(@) (ii) 


* We assume here that V// characteristic of crystal diode is linear. 
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(iii) Ideal diode model. An ideal diode is one which behaves as a perfect conductor when 
forward biased and as a perfect insulator when reverse biased. Obviously, in such a hypothetical 
situation, forward resistance r,= 0 and potential barrier V, 1s considered negligible. It may be men- 
tioned here that although ideal diode 1s never found in practice, yet diode circuit analysis 1s made on 
this basis. Therefore, while discussing diode circuits, the diode will be assumed ideal unless and 
until stated otherwise. 


6.5 Crystal Diode Equivalent Circuits 


It is desirable to sum up the various models of crystal diode equivalent circuit in the tabular form 
given below: 


I 


Approximate model 


Simplified model 


IDEAL DIODE 


Ideal Model 


IDEAL DIODE 


Example 6.2. Ana.c. voltage of peak value 20 V is connected in series with a silicon diode and 
load resistance of 500 92. If the forward resistance of diode is 10 Q, find : 


(i) peak current through diode (ii) peak output voltage 
What will be these values if the diode is assumed to be ideal ? 


Solution. 


Peak input voltage = 20 V 
Forward resistance, ry 10 Q 
Load resistance, R, = 500 Q 
Potential barrier voltage, V, = 0.7 V 


The diode will conduct during the positive half-cycles of a.c. input voltage only. The equivalent 
circuit is shown in Fig. 6.9 (ii). 


goon tire 


500 ut 20 V 500 QO 


(ii) 
Fig. 6.9 
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(i) The peak current through the diode will occur at the instant when the input voltage reaches 
positive peak i.e. V, = V,= 20 V. 
Vie = Vot Up neax Up + Ry] ...(i) 
Ve -VYy . 20-07 — 193 


= = 29 A = 37. 
r-+R,  10+500 510 a 


(ii) Peak output voltage = (04. R, = 37.8mAx 500 Q = 18.9V 
Ideal diode. For an ideal diode, put V, = 0 and r= 0 in equation (i). 
Vie = Upneak * Rr 
Ve 20 V 


or UDpeak = R 35002” 40 mA 


Peak output voltage = I) ear XR, = 40mA x 500 Q = 20 V 


Comments. It is clear from the above example that output voltage is nearly the same whether the 
actual diode is used or the diode is considered ideal. This is due to the fact that input voltage is quite large 
as compared with V, and voltage drop in r-. Therefore, nearly the whole input forward voltage appears 
across the load. For this reason, diode circuit analysis is generally made on the ideal diode basis. 

Example 6.3. Find the current through the diode in the circuit shown in Fig. 6.10 (i). Assume 
the diode to be ideal. 


50.0 A Ry = 4.55 Q 


or CI) neak = 


(ii) . 


Fig. 6.10 
Solution. We shall use Thevenin's theorem to find current in the diode. Referring to Fig. 6.10(i), 
E, = Thevenin’s voltage 
= Open circuited voltage across AB with diode removed 
R, 5 
= xV = x10 = 0.909 V 
R, + R, 50 +5 


Ry = Thevenin’s resistance 


= Resistance at terminals AB with diode removed and battery 


replaced by a short circuit 
R, R, 50 Xx 5 


" R+R, 3045 °° 


Fig. 6.10 (ii) shows Thevenin’s equivalent circuit. Since the diode 1s ideal, it has zero resistance. 


E 
Current through diode = —* = ina 0.2A = 200mA 
R, 4.55 


Example 6.4. Calculate the current through 48 Q resistor in the circuit shown in Fig. 6.11 (i). 
Assume the diodes to be of silicon and forward resistance of each diode is I] Q. 

Solution. Diodes D, and D, are forward biased while diodes D, and D, are reverse biased. We 
can, therefore, consider the branches containing diodes D, and D, as “open”. Replacing diodes D, 
and D, by their equivalent circuits and making the branches containing diodes D, and D,, open, we get 
the circuit shown in Fig. 6.11 (ii). Note that for a silicon diode, the barrier voltage is 0.7 V. 
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D, 
1Q Ds 
0.7 V 48 Q 
10 *Y—= 
D; 
1Q 
D, 
0.7 V 


(72) 


Fig. 6.11 
Net circuit voltage = 10-—0.7-0.7 = 86V 
Total circuit resistance = 1+48+1 = 50Q 
Circuit current = 8.6/50 = 0.172A = 172mA 


Example 6.5. Determine the current I in the circuit shown in Fig. 6.12 (i). Assume the diodes to 
be of silicon and forward resistance of diodes to be zero. 


D, 0.7 V 
7 2kO 
R 
- _ dp T k= EH=4V= 
ee ee f,=4V= 1 2, =24V 2 
au 2 a T | 
(i) (ii) 


Fig. 6.12 


Solution. The conditions of the problem suggest that diode D, is forward biased and diode D, is 
reverse biased. We can, therefore, consider the branch containing diode D, as open as shown in 
Fig. 6.12 (di). Further, diode D, can be replaced by its simplified equivalent circuit. 

E, -ia=yV, 24—4—0.7 19.3 V 


a: £a*86 "910 —"™ 


j= 


Example 6.6. Find the voltage V, in the circuit shown in Fig. 6.13 (i). Use simplified model. 


20 V | 20 V 
Si Ge 0.3V 
A V, A V4 
3 kQ 3 kQ 
(7) (zi) 


Fig. 6.13 
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Solution. It appears that when the applied voltage is switched on, both the diodes will turn “on”. 
But that isnot so. When voltage is applied, germanium diode (V, = 0.3 V) will turn on first and a level 
of 0.3 V is maintained across the parallel circuit. The silicon diode never gets the opportunity to have 
0.7 V across it and, therefore, remains in open-circuit state as shown in Fig. 6.13 (ii). 


V, = 20-0.3 = 19.7V 
Example 6.7. Find Vo and I, in the network shown in Fig. 6.14 (i). Use simplified model. 


Solution. Replace the diodes by their simplified models. The resulting circuit will be as shown 
in Fig. 6.14 (ii). By symmetry, current in each branch is J, so that current in branch CD is 21,. 
Applying Kirchhoff’s voltage law to the closed circuit ABCDA, we have, 


=O. =1,%2=213x%2710 = 0 (Up in mA) 
or 6 In = 93 

In = a = 155mA 
Also Vo = Q1p)X2kQ = Q2x1.55mA)xX2kQ = 6.2V 


(i) (ii) 
Fig. 6.14 
Example 6.8. Determine current through each diode in the circuit shown in Fig. 6.15 (i). Use 
simplified model. Assume diodes to be similar. 


05kQ J, 05kQ 7, 


(7) (it) 
Fig. 6.15 
Solution. The applied voltage forward biases each diode so that they conduct current in the same 
direction. Fig. 6.15 (ii) shows the equivalent circuit using simplified model. Referring to Fig. 6.15 (ii), 


a Voltage acrossR — 15-07 _ 986 mA 


R 0.5 kQ 
I 
Since the diodes are similar, J, = Ip) = o = =e = 14.3mA 


Comments. Note the use of placing the diodes in parallel. If the current rating of each diode is 
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20 mA and a single diode is used in this circuit, a current of 28.6 mA would flow through the diode, 
thus damaging the device. By placing them in parallel, the current 1s limited to a safe value of 14.3 mA 
for the same terminal voltage. 

Example 6.9. Determine the currents I,, I, and I, for the network shown in Fig. 6.16(i). Use 
simplified model for the diodes. 


D, I, 33k A 8X pp bh 33k 


DD 56kQ © 
(7) (zi) 
Fig. 6.16 
Solution. An inspection of the circuit shown in Fig. 6.16 (i) shows that both diodes D, and D, 
are forward biased. Using simplified model for the diodes, the circuit shown in Fig. 6.16 (i) becomes 
the one shown in Fig. 6.16 (ii). The voltage across R, (= 3.3 k Q) is 0.7V. 


0.7 V 
3.3 kQ 
Applying Kirchhoff’s voltage law to loop ABCDA in Fig. 6.16 (ii), we have, 
=—0.7=0.7 =1, Ry +20 =0 
L= 20-07-07 _ 186 V 
' R, 5.6 kQ 
Now L=i1,7 1, 
I, =1, —1, = 3.32 -0. 212 = 3.108 mA 
Gangs 6.10. Determine if the diode (ideal) in Fig. 6.17 (i) is forward biased or reverse biased. 


L,= = 0.212 mA 


= 3.32 mA 


+ 10V + 10V 
2 kQ2 4kQ 2 kQ 4kQ 
Vi V5 Vi V5 
8 kO 6kQ 8 kQ 6 kQ 
(i) (ii) 


Fig. 6.17 
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Solution. Let us assume that diode in Fig. 6.17 (i) is OFF i.e. it is reverse biased. The circuit 
then becomes as shown in Fig. 6.17 (ii). Referring to Fig. 6.17 (ii), we have, 
10 V 


"i" pease <M = 8V 
10 V 
= ——_—— _ X6 kQ = 
Ve. 4kQ+ 6 kQ oe 


Voltage across diode = V, - V, =8-6=2V 
Now V, — V, = 2V is enough voltage to make the diode forward biased. Therefore, our initial 
assumption was wrong. 
Example 6.11. Determine the state of diode for the circuit shown in Fig. 6.18 (i) and find I, and 
Vp. Assume simplified model for the diode. 


AkO 


av (*) 1kQ 


(i) (ii) 
Fig. 6.18 


Solution. Let us assume that the diode is ON. Therefore, we can replace the diode with a 0.7V 
battery as shown in Fig. 6.18 (ii). Referring to Fig. 6.18 (ii), we have, 


_@2-07)V_13V 


—___— = = 0.3 
I 1 kO 1 kO 0.325 mA 
_O07V _ 
| ko” 0.7 mA 
Now Py =t 1, =0:329 507) ==03/5 mA 
Since the diode current is negative, the diode must AkO 


be OFF and the true value of diode current is [, = 
0 mA. Our initial assumption was wrong. In order to 


analyse the circuit properly, we should replace the diode + 
in Fig. 6.18 (i) with an open circuit as shown in Fig. 2vy (#) 1kQ Vp 
6.19. The voltage V, across the diode is = 
2V 
= ———— _ xX 1kQ =0. 
"p 1kQ+ 4kQ pen 
Fig. 6.19 


We know that 0.7V is required to turn ON the diode. Since V, 1s only 0.4V, the answer confirms 
that the diode is OFF. 


6.6 Important Terms 


While discussing the diode circuits, the reader will generally come across the following terms : 


(i) Forward current. It is the current flowing through a forward biased diode. Every diode 
has amaximum value of forward current which it can safely carry. If this value 1s exceeded, the diode 
may be destroyed due to excessive heat. For this reason, the manufacturers’ data sheet specifies the 
maximum forward current that a diode can handle safely. 
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(11) Peak inverse voltage. It is the maximum reverse voltage that a diode can withstand with- 
out destroying the junction. 


If the reverse voltage across a diode exceeds this value, the reverse current increases sharply and 
breaks down the junction due to excessive heat. Peak inverse voltage is extremely important when 
diode 1s used as a rectifier. In rectifier service, it has to be ensured that reverse voltage across the 
diode does not exceed its PIV during the negative half-cycle of input a.c. voltage. As a matter of fact, 
PIV consideration is generally the deciding factor in diode rectifier circuits. The peak inverse volt- 
age may be between 10V and 10 kV depending upon the type of diode. 


(iii) Reverse current or leakage current. It 1s the current that flows through a reverse biased 
diode. This current is due to the minority carriers. Under normal operating voltages, the reverse 
current is quite small. Its value is extremely small (< lu A) for silicon diodes but it 1s appreciable (~ 
100 pA) for germanium diodes. 

It may be noted that the reverse current is usually very small as compared with forward current. 
For example, the forward current for a typical diode might range upto 100 mA while the reverse 
current might be only a few uA—a ratio of many thousands between forward and reverse currents. 


6.7 Crystal Diode Rectifiers 


For reasons associated with economics of generation and transmission, the electric power available is 
usually an a.c. supply. The supply voltage varies sinusoidally and has a frequency of 50 Hz. Itis used 
for lighting, heating and electric motors. But there are many applications (e.g. electronic circuits) 
where d.c. supply is needed. When such a d.c. supply 1s required, the mains a.c. supply is rectified by 
using crystal diodes. The following two rectifier circuits can be used : 


(1) Half-wave rectifier (ii) Full-wave rectifier 


6.8 Half-Wave Rectifier 


In half-wave rectification, the rectifier conducts current only during the positive half-cycles of input 
a.c. supply. The negative half-cycles of a.c. supply are suppressed i.e. during negative half-cycles, no 
current is conducted and hence no voltage appears across the load. Therefore, current always flows 
in one direction (i.e. d.c.) through the load though after every half-cycle. 


A l 


DAA. 
i ; ; 


V 
V. out 
t 
@) Wan. t 
(i) (ii) 


Fig. 6.20 


Circuit details. Fig. 6.20 shows the circuit where a single crystal diode acts as a half-wave 
rectifier. The a.c. supply to be rectified 1s applied in series with the diode and load resistance R,. 
Generally, a.c. supply is given through a transformer. The use of transformer permits two advantages. 
Firstly, it allows us to step up or step down the a.c. input voltage as the situation demands. Secondly, the 
transformer isolates the rectifier circuit from power line and thus reduces the risk of electric shock. 
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Operation. The a.c. voltage across the secondary winding AB changes polarities after every 
half-cycle. During the positive half-cycle of input a.c. voltage, end A becomes positive w.rt. end B. 
This makes the diode forward biased and hence it conducts current. During the negative half-cycle, 
end A is negative w.rt. end B. Under this condition, the diode 1s reverse biased and it conducts no 
current. Therefore, current flows through the diode during positive half-cycles of input a.c. voltage 
only ; it is blocked during the negative half-cycles [See Fig. 6.20 (ii)]. In this way, current flows 
through load R, always in the same direction. Hence d.c. output is obtained across R,. It may be 
noted that output across the load is pulsating d.c. These pulsations in the output are further smooth- 
ened with the help of filter circuits discussed later. 


Disadvantages : The main disadvantages of a half-wave rectifier are : 


(i) The pulsating current in the load contains alternating component whose basic frequency 1s 
equal to the supply frequency. Therefore, an elaborate filtering 1s required to produce steady direct 
current. 


(ii) The a.c. supply delivers power only half the time. Therefore, the output is low. 


6.9 Output Frequency of Half-Wave Rectifier 
The output frequency of a half-wave rectifier 1s equal to the input 
frequency (50 Hz). Recall how a complete cycle is 
defined. A waveform has a complete cycle when it repeats the same 
wave pattern over a given time. Thus in Fig. 6.21 (i), the a.c. input 9p 
voltage repeats the same wave pattern over 0° — 360°, 360° — 720° 
and so on. In Fig. 6.21 (ii), the output waveform also repeats the 
same wave pattern over 0° — 360°, 360° — 720° and so on. This (i) 
means that when input a.c. completes one cycle, the output half- 

wave rectified wave also completes one cycle. In other words, the 

output frequency is equal to the input frequency i.e. 


Sou = Si 
For example, if the input frequency of sine wave applied to a 
half-wave rectifier is 100 Hz, then frequency of the output wave 


INPUT A.C. 
180° 360° 


OUTPUT 


will also be 100 Hz. 0° 
6.10 Efficiency of Half-Wave Rectifier 
The ratio of d.c. power output to the applied input a.c. power is Fig. 6.21 


known as rectifier efficiency i.e. 


d.c. power output 
Input a.c. power 


Rectifier efficiency, n = 


AC. | 
SUPPLY v=V,, sin 8 Ry 


Fig. 6.22 


Consider a half-wave rectifier shown in Fig. 6.22. Let v= V,, sin 0 be the alternating voltage that 
appears across the secondary winding. Let r, and R, be the diode resistance and load resistance 
respectively. The diode conducts during positive half-cycles of a.c. supply while no current conduc- 
tion takes place during negative half-cycles. 
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d.c. power. The output current 1s pulsating direct current. Therefore, in order to find d.c. power, 
average current has to be found out. 


7 7 : a) 
0 Saal 


se “ 2n 2 + R, 
V. tr. V nt 
= mn sn0d0 = ~——“*—— [-cos 9], 
2n(r, + Rd 2n(r, + R;) 
5 5 el 
dnu(r, + R;) (7,7 +R) 0 
22k IL, _ Vi, 
oa ™ (rp + R;) 
1 
d.c. power, P,, = XR, = & x R, ... (i) 
a.c. power input : The a.c. power input is given by : 
Ee — Pins (r,+ Ry) 
For a half-wave rectified wave, /, =1,/2 
2 
I 
| Fn x (r,t R,) ...(ii) 
2 
Rectifier efficiency = oe OUlbuE ROWE! = nl A OME 


a.c. input power (I, /2)° (ry + Ry) 
0.406R, — 0,406 


rp + R, i ye 
Ry, 
The efficiency will be maximum if ris negligible as compared to R;. 
Max. rectifier efficiency = 40.6% 


This shows that in half-wave rectification, a maximum of 40.6% of a.c. power is converted into 
d.c. power. 


Example 6.12. The applied input a.c. power to a half-wave rectifier is 100 watts. The d.c. 
output power obtained is 40 watts. 


(i) What is the rectification efficiency ? 


(ii) What happens to remaining 60 watts ? 


Solution. 


(i) Rectification efficiency = ecOuEy pee - 40 = 04 = 40% 
a.c. input power 100 


(ii) 40% efficiency of rectification does not mean that 60% of power is lost in the rectifier 
circuit. In fact, a crystal diode consumes little power due to its small internal resistance. The 100 W 


ee ee, eS a, i a a ee i a a ee a a a a a a a. ne | 


Tl 

id® 

3 Area under the curve over a cycle | 0 

Nese ee FS 
Base 21 


** Tt may be remembered that the area of one-half cycle of a sinusoidal wave 1s twice the peak value. Thus in 
this case, peak value is J and, therefore, area of one-half cycle is 2 J . 


; Jf —— — 
av dc IT ™ 
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a.c. power is contained as 50 watts in positive half-cycles and 50 watts in negative half-cycles. The 
50 watts in the negative half-cycles are not supplied at all. Only 50 watts in the positive half-cycles 
are converted into 40 watts. 


Power efficiency = = x 100 = 80% 


Although 100 watts of a.c. power was supplied, the half-wave rectifier accepted only 50 watts 
and converted it into 40 watts d.c. power. Therefore, it is appropriate to say that efficiency of rectifi- 
cation 1s 40% and not 80% which is power efficiency. 


Example 6.13. An a.c. supply of 230 V is applied to a half-wave rectifier circuit through a 
transformer of turn ratio 10: 1. Find (i) the output d.c. voltage and (ii) the peak inverse voltage. 
Assume the diode to be ideal. 


Solution. Te IDEAL 
Primary to secondary turns 1s 


uM 
N, 7 10 
230 V R 
R.M.S. primary voltage ~~ 
= 230 V 
Max. primary voltage is 
Va (/2 ) x 1r.m.s. primary voltage 
= (./2) x 230 = 325.3 V Fig. 6.23 
Max. secondary voltage is 
Vin = VX 32 = 3253KE = 3253V 
| | ; 10 
; I 
(1) Lace. = 
Tl 
V de 7 ‘mn x R, = Yan = Bree) = 10.36 V 
Tl Tl Tl 


(ii) During the negative half-cycle of a.c. supply, the diode 1s reverse biased and hence conducts 
no current. Therefore, the maximum secondary voltage appears across the diode. 


Peak inverse voltage = 32.53 V 


Example 6.14. A crystal diode having internal resistance r,= 2082 is used for half-wave rectifi- 
cation. If the applied voltage v = 50 sin wt and load resistance R, = 800 92, find : 


Oe ery ae (ii) a.c. power input and d.c. power output 
(iit) d.c. output voltage (iv) efficiency of rectification. 
Solution. 


v = 50sinwt 
Maximum voltage, V,, = 50 V 
V, 50 


(i) CL, =o OE ms =: OO.061 A = 61 mA 
| rp + Ry 20 + 800 


Ii, = 1,/% = Ol/t = 19.4mA 
Lins yf 2 = 91/2 = 30.5 mA 
30.5 


2 
(il) a.c. power input = (aes x (r+ R,) = Fara x (20 + 800) = 0.763 watt 
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d.c. power output = rxR, = (224) x 800 = 0.301 watt 

(ili) d.c. output voltage = 1,,.R, = 19.4mA x 800 Q = 15.52 volts 
(iv) Efficiency of rectification = e x 100 = 39.5% 


Example 6.15. A half-wave rectifier is used to supply 50V d.c. to a resistive load of 800 Q. The 
diode has a resistance of 25 Q. Calculate a.c. voltage required. 


Solution. 
Output d.c. voltage, V,. = SOV 


Diode resistance, et 25 Q 
Load resistance, R, = 800 Q 


Let V_ be the maximum value of a.c. voltage required. 


Vac = Lae X Ry 
aii =: Ry i - 545 
or 50 = as a <8 
Vv, = een = 162V 


Hence a.c. voltage of maximum value 162 V is required. 


6.11 Full-Wave Rectifier 


In full-wave rectification, current flows through the load in the same direction for both half-cycles of 
input a.c. voltage. This can be achieved with two diodes working alternately. For the positive half- 
cycle of input voltage, one diode supplies current to the load and for the negative half-cycle, the other 
diode does so ; current being always in the same direction through the load. Therefore, a full-wave 
rectifier utilises both half-cycles of input a.c. voltage to produce the d.c. output. The following two 
circuits are commonly used for full-wave rectification : 


(i) Centre-tap full-wave rectifier (ii) Full-wave bridge rectifier 


6.12 Centre-Tap Full-Wave Rectifier 


The circuit employs two diodes D, and D, as shown in Fig. 6.24. Acentre tapped secondary winding 
AB is used with two diodes connected so that each uses one half-cycle of input a.c. voltage. In other 
words, diode D, utilises the a.c. voltage appearing across the upper half (OA) of secondary winding 
for rectification while diode D, uses the lower half winding OB. 

Operation. During the positive half-cycle of secondary voltage, the end A of the secondary winding 
becomes positive and end B negative. This makes the diode D, forward biased and diode D,, reverse 
biased. Therefore, diode D, conducts while diode D, does not. The conventional current flow 1s through 
diode D,, load resistor R, and the upper half of secondary winding as shown by the dotted arrows. During 
the negative half-cycle, end A of the secondary winding becomes negative and end B positive. Therefore, 
diode D, conducts while diode D, does not. The conventional current flow is through diode D,, load R, 
and lower half winding as shown by solid arrows. Referring to Fig. 6.24, 1t may be seen that current in the 
load R, 1s in the same direction for both half-cycles of input a.c. voltage. Therefore, d.c. is obtained across 
the load R,. Also, the polarities of the d.c. output across the load should be noted. 
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Fig. 6.24 


Peak inverse voltage. Suppose V,, is the maxi- 
mum voltage across the half secondary winding. Fig. 
6.25 shows the circuit at the instant secondary voltage 
reaches its maximum value in the positive direction. 
At this instant, diode D, 1s conducting while diode D, 
is non-conducting. Therefore, whole of the secondary 
voltage appears across the non-conducting diode. Con- 
sequently, the peak inverse voltage is twice the maxi- 
mum voltage across the half-secondary winding i.e. 


PIV = 2V,, 
Disadvantages 


(i) It 1s difficult to locate the centre tap on the 
secondary winding. 


out 


Fig. 6.25 


(ii) The d.c. output is small as each diode utilises only one-half of the transformer secondary 


voltage. 


(iii) The diodes used must have high peak inverse voltage. 


6.13 Full-Wave Bridge Rectifier 


The need for a centre tapped power transformer is eliminated in the bridge rectifier. It contains four 
diodes D,, D,, D, and D, connected to form bridge as shown in Fig. 6.26. The a.c. supply to be 
rectified is applied to the diagonally opposite ends of the bridge through the transformer. Between 


other two ends of the bridge, the load resistance R, is connected. 


A.C. 
SUPPLY 


Fig. 6.26 


Vin 
SECONDARY 


01D); DD, DD; 
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Operation. During the positive half-cycle of secondary voltage, the end P of the secondary 
winding becomes positive and end Q negative. This makes diodes D, and D, forward biased while 
diodes D, and D, are reverse biased. Therefore, only diodes D, and D, conduct. These two diodes 
will be in series through the load R, as shown in Fig. 6.27 (i). The conventional current flow is shown 
by dotted arrows. It may be seen that current flows from A to B through the load R, . 

During the negative half-cycle of secondary voltage, end P becomes negative and end Q posi- 
tive. This makes diodes D, and D, forward biased whereas diodes D, and D, are reverse biased. 
Therefore, only diodes D, and D, conduct. These two diodes will be in series through the load R, as 
shown in Fig. 6.27 (ii). The current flow is shown by the solid arrows. It may be seen that again 
current flows from A to B through the load i.e. in the same direction as for the positive half-cycle. 
Therefore, d.c. output is obtained across load R,. 


+ (= =F = 
A.C. ys “| B A.C. 
SUPPLY SUPPLY 
: f° 4 
chia : *. 


Fig. 6.27 
Peak inverse voltage. The peak inverse voltage (PIV) of each diode is equal to the maximum 
secondary voltage of transformer. Suppose during positive half cycle of input a.c., end P of second- 
ary 1s positive and end Q negative. Under such conditions, diodes D, and D, are forward biased 
while diodes D, and D, are reverse biased. Since the diodes are considered ideal, diodes D, and D, 
can be replaced by wires as shown in Fig. 6.28 (i). This circuit is the same as shown in Fig. 6.28 (ii). 


D, 
A.C. 
B SUPPLY 


Fig. 6.28 
Referring to Fig. 6.28 (ii), it is clear that two reverse biased diodes (i.e., D, and D,,) and the 
secondary of transformer are in parallel. Hence PIV of each diode (D, and D,) is equal to the maxi- 
mum voltage (V,,) across the secondary. Similarly, during the next half cycle, D, and D,, are forward 
biased while D, and D, will be reverse biased. It 1s easy to see that reverse voltage across D, and D, 
is equal to V,. 


+ 


A.C. 
SUPPLY 


(i) 


Advantages 
(i) The need for centre-tapped transformer is eliminated. 
(ii) The output is twice that of the centre-tap circuit for the same secondary voltage. 
(iii) The PIV is one-half that of the centre-tap circuit (for same d.c. output). 
Disadvantages 
(i) It requires four diodes. 
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(ii) As during each half-cycle of a.c. input two diodes that conduct are in series, therefore, 
voltage drop in the internal resistance of the rectifying unit will be twice as great as in the centre tap 
circuit. This is objectionable when secondary voltage is small. 


6.14 Output Frequency of Full-Wave Rectifier 


The output frequency of a full-wave rectifier is double the input frequency. Remember that a wave 
has a complete cycle when it repeats the same pattern. In Fig. 6.29 (i), the input a.c. completes one 
cycle from 0° — 360°. However, the full-wave rectified wave completes 2 cycles in this period [See 
Fig. 6.29 (ii)]. Therefore, output frequency is twice the input frequency i.e. 


Sour = 2 Sin 


FULL-WAVE RECTIFIED WAVE 
A.C. INPUT 


0° 
re) 0° 
360 130° 360° 


(i) (ii) 
Fig. 6.29 


For example, if the input frequency to a full-wave rectifier is 100 Hz, then the output frequency 
will be 200 Hz. 


6.15 Efficiency of Full-Wave Rectifier 


Fig. 6.30 shows the process of full-wave rectification. Let v = V,, sin 0 be the a.c. voltage to be 
rectified. Let r, and R, be the diode resistance and load resistance respectively. Obviously, the 
rectifier will conduct current through the load in the same direction for both half-cycles of input a.c. 
voltage. The instantaneous current i 1s given by : 

y V_, sin 0 


Ll — — 


r, + Ry re + Ry 


0| 40 i 


Fig. 6.30 


d.c. output power. The output current is pulsating direct current. Therefore, in order to find the 
d.c. power, average current has to be found out. From the elementary knowledge of electrical engi- 
neering, 
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D4 = yt 
2 
2 21 
d.c. power output, P,, = [7.x R, = a x R, .. (4) 


a.c. input power. The a.c. input power is given by : 
2 
Pac = Lims 1¢t+ Ry) 


a 
For a full-wave rectified wave, we have, 


Lins = Loy! V2 


2 
ie 
P= (A (r+ R,) ... (ii) 
Full-wave rectification efficiency is 
P, (21, /™)R, 


Pc . 
a) ee 


8 R, — 0812 R, — 0.812 
2 


x — 
Tt (r, + R,) r, + R, es oe 


L 
The efficiency will be maximum if rr is negligible as compared to R,. 


Maximum efficiency = 81.2% 
This is double the efficiency due to half-wave rectifier. Therefore, a full-wave rectifier is twice 
as effective as a half-wave rectifier. 
Example 6.16. A full-wave rectifier uses two diodes, the internal resistance of each diode may 
be assumed constant at 20 9. The transformer r.m.s. secondary voltage from centre tap to each end 
of secondary is 50 V and load resistance is 980 Q. Find : 


(i) the mean load current (ii) the rm.s. value of load current 
Solution. 
= 202, R, = 980 Q 
Max. a.c. voltage, V,, = 50x V2 =70.7V 
Max. load current, [,, = Vn = a 70.7 mA 
| rp + R, (20 + 980) Q 
21 

(Z) Mean load current, 1. = ae = =x" = 45mA 


(ti) R.M.S. value of load current is 


Example 6.17. In the centre-tap circuit shown in Fig. 6.31, the diodes are assumed to be ideal 
i.e. having zero internal resistance. Find : 

(i) d.c. output voltage(ii) peak inverse voltage (ili) rectification efficiency. 

Solution. 

Primary to secondary turns, N,/N,=5 
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R.M.S. primary voltage = 230 V 5-4 IDEAL 
R.M.S. secondary voltage 
= 230 x (1/5) = 46 V 


Maximum voltage across secondary 230 V 


= 46 x2 =65V 


Maximum voltage across half 
secondary winding is 


IDEAL 
V=65972 = 3259 
(i) Average current, J, = Fig. 6.31 
2V_, 2xX32.5 _ 
aR, ~ mxloo 


d.c. output voltage, V,. = 1,,xR, = 0.207 x 100 = 20.7 V 
(ii) The peak inverse voltage 1s equal to the maximum secondary voltage, i.e. 


PIV = 65V 
(iii) Rectification efficiency = “Als 
es 
Ry 
Since rp = 0 


Rectification efficiency = $1.2 % 


Example 6.18. In the bridge type circuit shown in Fig. 6.32, the diodes are assumed to be ideal. Find : 
(i) d.c. output voltage (ii) peak inverse voltage (iii) output frequency. 
Assume primary to secondary turns to be 4. 


4: 


230 V 
50 Hz 


Fig. 6.32 


Solution. 
Primary/secondary turns, N,/N,= 4 

R.M.S. primary voltage = 230 V 

R.M.S. secondary voltage = 230 (N,/N,) = 230 x C/4) = 57.5 V 

Maximum voltage across secondary 1s 
V,, = 57.5xV2 = 81.3V 

2V,, . 2X813 
TR, TX 200 
d.c. output voltage, V,. = 1,,XR, = 0.26x 200 = 52 V 


(1) Average current, J ,. = 0.26A 
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(ii) The peak inverse voltage is equal to the maximum secondary voltage i.e. 
PIV = 81.3V 


(iii) In full-wave rectification, there are two output pulses for each complete cycle of the input 
a.c. voltage. Therefore, the output frequency 1s twice that of the a.c. supply frequency i.e. 


Tan = 2x f,, = 2x50 = 100 Hz 


Example 6.19. Fig. 6.33 (i) and Fig. 6.33 (ii) show the centre-tap and bridge type circuits 
having the same load resistance and transformer turn ratio. The primary of each is connected to 
230V, 50 Hz supply. 

(1) Find the d.c. voltage in each case. 

(ii) PIV for each case for the same d.c. output. Assume the diodes to be ideal. 


Se 
230 V : 


Fig. 6.33 


Solution. 
(i) D.C. output voltage 
Centre-tap circuit 
R.M.S. secondary voltage = 230~x 1/5 = 46 V 


Max. voltage across secondary = 46 x V2 = 65V 
Max. voltage appearing across half secondary winding 1s 
V, = 60/2 = 325 V 
2V,, 


Average current, /,, = 
e de TR, 


2V, 
D.C. output voltage, V,. = 1,,xR, = “xR, 

TR, 

p) 
_ 2V,, _ 2x325 _ 20.7 
Tl Tl 
Bridge Circuit 
Max. voltage across secondary, V,, = 65 V 
2V ZV 2 x 65 
D.C. output voltage, V,, = 1, R, =——“"xR, = —“ = = 41.4V 
Pp 8 dc de **L TR L 1 1 


L 
This shows that for the same secondary voltage, the d.c. output voltage of bridge circuit is twice 


that of the centre-tap circuit. 


(ii) PIV for same d.c. output voltage 
The d.c. output voltage of the two circuits will be the same if V,, (i.e. max. voltage utilised by 
each circuit for conversion into d.c.) is the same. For this to happen, the turn ratio of the transformers 


should be as shown in Fig. 6.34. 
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Centre-tap circuit 
R.M.S. secondary voltage = 230x 1/5 = 46 V 


Max. voltage across secondary = 46xJ2 = 65V 


Max. voltage across half secondary winding 1s 
V, = 65/2 = 32.5 V 


m 


3} 
230 V 230 V 
(i) (ii) 
Fig. 6.34 
- PIV = 2V, = 2% 32.5 — 65 V 
Bridge type circuit 


R.M.S. secondary voltage = 230x 1/10 = 23 V 


Max. voltage across secondary, V,, = 23 xV2 = 32.5V 
PIV = V,, = 32.5 V 


This shows that for the same d.c. output voltage, PIV of bridge circuit is half that of centre-tap 
circuit. This is a distinct advantage of bridge circuit. 


Example 6.20. The four diodes used in a bridge rectifier circuit have forward resistances which 
may be considered constant at I 92 and infinite reverse resistance. The alternating supply voltage is 
240 Vr.m.s. and load resistance is 480 Q. Calculate (i) mean load current and (ii) power dissipated 
in each diode. 

Solution. 

Max. a.c. voltage, V,, = 240 x J2V 


(i) At any instant in the bridge rectifier, two diodes 1n series are conducting. Therefore, total 
circuit resistance = 2 r+ Ry. 


Vv, =. 240xV2 _ 
Max. load current, J, = 2r, +R, a Kx1e 480 ~ O.7A 
27 
Mean load current, J, = a = et 2 0.45A 


(ii) Since each diode conducts only half a cycle, diode r.m.s. current is : 


I Lj2= 07/2 = 0354 


rm.s. 


Power dissipated in each diode = re. Xp = (0.35) x1 = 0.123 W 


Example 6.21. The bridge rectifier shown in Fig. 6.35 uses silicon diodes. Find (i) d.c. output 
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voltage (ii) d.c. output current. Use simplified model for the diodes. 


12 V ac 
(rated) 


Fig. 6.35 


Solution. The conditions of the problem suggest that the a.c voltage across transformer second- 
ary is 12Vrm.s. 


Peak secondary voltage is 


Vi ok) = 12 x J2 = 16.97 V 


(i) At any instant in the bridge rectifier, two diodes in series are conducting. 
Peak output voltage is 
Vout (pk) 16.97 — 2 (0.7) = 15.57 V 
Average (or d.c.) output voltage 1s 


2V 
Voy = Vig = 2 eb. = 2X12.°7 <9 giy 
Tl Tl 
(ii) Average (or d.c.) output current is 
_V,, _ 9.91V 


= = $25.8 WA 
wR 12 kQ e 


6.16 Faults in Centre-Tap Full-Wave Rectifier 


The faults in a centre-tap full-wave rectifier may occur in the transformer or rectifier diodes. Fig. 6.36 
shows the circuit of a centre-tap full-wave rectifier. A fuse is connected in the primary of the trans- 
former for protection purposes. 


Fuse 
‘ D 
D, 
Fig. 6.36 
We can divide the rectifier faults into two classes viz. 


1. Faultsintransformer 2. Faults in rectifier diodes 


1. Faults in Transformer. The transformer in a rectifier circuit can develop the following 
faults : 


(i) A shorted primary or secondary winding. 
(ii) An open primary or secondary winding. 
(iii) A short between the primary or secondary winding and the transformer frame. 
(i) In most cases, a shorted primary or shorted secondary will cause the fuse in the primary 
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to blow. If the fuse does not blow, the d.c. output from the rectifier will be extremely low and the 
transformer itself will be very hot. 


(ii) When the primary or secondary winding of the transformer opens, the output from the 
rectifier will drop to zero. In this case, the primary fuse will not blow. If you believe that either 
transformer winding is open, a simple resistance check will verify your doubt. If either winding reads 
a very high resistance, the winding is open. 


(iii) If either winding shorts to the transformer casing, the primary fuse will blow. This fault 
can be checked by measuring the resistances from the winding leads to the transformer casing. A low 
resistance measurement indicates that a winding-to-case short exists. 


2. Faults in Rectifier Diodes. If a fault occurs in a rectifier diode, the circuit conditions will 
indicate the type of fault. 


(i) If one diode in the centre-tap full-wave rectifier is shorted, the primary fuse will blow. 
The reason is simple. Suppose diode D, in Fig. 6.36 is shorted. Then diode D, will behave as a wire. 
When diode D, is forward biased, the transformer secondary will be shorted through D,. This will 
cause excessive current to flow in the secondary (and hence in the primary), causing the primary fuse 
to blow. 


(ii) If one diode in the centre-tap full-wave rectifier opens, the output from the rectifier will 
resemble the output from a half-wave rectifier. The remedy is to replace the diode. 

Bridge Rectifier Faults. The transformer faults and their remedies for bridge rectifier circuits 
are the same as for centre-tap full-wave rectifier. Again symptoms for shorted and open diodes in the 
bridge rectifier are the same as those for the centre-tap circuit. In the case of bridge circuit, you 
simply have more diodes that need to be tested. 


6.17 Nature of Rectifier Output e 


It has already been discussed that the output of a rectifier is pul- 

sating d.c. as shown 1n Fig. 6.37. In fact, if such a waveform is 

carefully analysed, it will be found that it contains a d.c. compo- 

nent and an a.c. component. The a.c. component 1s responsible , 
for the *pulsations in the wave. The reader may wonder how a 0 


pulsating d.c. voltage can have an a.c. component when the volt- 
age never becomes negative. The answer is that any wave which 
varies in a regular manner has an a.c. component. 


+50 V +50 V 
+32 V +32V iii 
t 
0 . 0 
—50V —50 V 
(i) (iil) 


* Means changing output voltage. 
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The fact that a pulsating d.c. contains both d.c. and a.c. compo- 
nents can be beautifully illustrated by referring to Fig. 6.38. Fig. 6.38 
(i) shows a pure d.c. component, whereas Fig. 6.38 (ii) shows the *a.c. 
component. If these two waves are added together, the resulting wave 
will be as shown in Fig. 6.38 (iii). It 1s clear that the wave shown in 
Fig. 6.38 (iii) never becomes negative, although it contains both a.c. 
and d.c. components. The striking resemblance between the rectifier 
output wave shown in Fig. 6.37 and the wave shown mn Fig. 6.38 (iii) Rectifier 
may be noted. 


It follows, therefore, that a pulsating output of a rectifier contains a d.c. component and an a.c. 
component. 


6.18 Ripple Factor 


The output of a rectifier consists of a d.c. component and an a.c. component (also known as ripple). 
The a.c. component is undesirable and accounts for the pulsations 1n the rectifier output. The effec- 
tiveness of a rectifier depends upon the magnitude of a.c. component in the output ; the smaller this 
component, the more effective 1s the rectifier. 


The ratio of r.m.s. value of a.c. component to the d.c. component in the rectifier output is known 
as ripple factor i.e. 


r.m.s. value of acc component _ / 


Ripple factor = ~“Vatue of dc. component ‘I, 


Therefore, ripple factor 1s very important in decid- 
ing the effectiveness of arectifier. Thesmallertheripple =; 
factor, the lesser the effective a.c. component and hence 100 Hz RIPPLE 
more effective is the rectifier. 


do, (ERS) 


Mathematical analysis. The output current of a 
rectifier contains d.c. as well as a.c. component. The 
undesired a.c. component has a frequency of 
100 Hz (i.e. double the supply frequency 50 Hz) and is 
called the ripple (See Fig. 6.39). It 1s a fluctuation su- 
perimposed on the d.c. component. 


Fig. 6.39 

By definition, the effective (i.e. r.m.s.) value of total load current is given by : 
Lnms = Tie + Wie 

or JI... — ie 


Dividing throughout by J, we get, 


I 1 2 2 
=—_ = T. L is 7 Litc 
dc 


I dc 
But L/L, 18 the ripple factor. 


2 
: l ane 

Ripple factor = 7 = Ll = (4 — | 
dc dc 


(i) For half-wave rectification. In half-wave rectification, 
Le = 2 : I, 


* Although the a.c. component is not a sine-wave, yet it is alternating one. 
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| 1/2) 
Ripple factor = -l =121 


It is clear that a.c. component exceeds the d.c. component in the output of a half-wave rectifier. 
This results in greater pulsations in the output. Therefore, half-wave rectifier is ineffective for con- 
version of a.c. into d.c. 


(i) For full-wave rectification. In full-wave rectification, 


rms 


Ripple factor 


effective a.c. component 


= 0.48 
d.c. component 


This shows that in the output of a full-wave rectifier, the d.c. component is more than the a.c. 
component. Consequently, the pulsations in the output will be less than in half-wave rectifier. For 
this reason, full-wave rectification is invariably used for conversion of a.c. into d.c. 


Example 6.22. A power supply A delivers 10 V dc with a ripple of 0.5 V r.m.s. while the power 
supply B delivers 25 V dc with a ripple of 1 mV r.m.s.. Which is better power supply ? 


Solution. The lower the ripple factor of a power supply, the better it is. 


For power supply A 
Ripple factor = “aga = +> x 100 = 3% 
For power supply B 7 
Ripple factor = Vactrms) = 9.001 x 100 = 0.004% 


Vic 25 


Clearly, power supply B is better. 
6.19 Comparison of Rectifiers 
Rectifier type: Half-wave Full-wave Centre-tap Bridge Rectifier 


Schematic | R | | 
L 
diagram: 
Ry 
a R, 


Typical output \ NL 
waveform: LVVVVY\_ _[LVVVW\_ 


No. of diodes 
Transformer necessary 


Max. efficiency 
Ripple factor 
Output frequency 
Peak inverse voltage 
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A comparison among the three rectifier circuits must be made very judiciously. Although bridge 
circuit has some disadvantages, it is the best circuit from the viewpoint of overall performance. When 
cost of the transformer is the main consideration in a rectifier assembly, we invariably use the bridge 
circuit. This is particularly true for large rectifiers which have a low-voltage and a high-current rating. 


6.20 Filter Circuits 


Generally, a rectifier 1s required to produce pure d.c. supply for using at various places in the elec- 
tronic circuits. However, the output of a rectifier has pulsating *character i.e. 1t contains a.c. and d.c. 
components. The a.c. component is undesirable and must be kept away from the load. To do so, a 
filter circuit is used which removes (or filters out) the a.c. component and allows only the d.c. compo- 
nent to reach the load. 

A filter circuit is a device which removes the a.c. component of rectifier output but allows the 
d.c. component to reach the load. 

Obviously, a filter circuit should be installed between the rectifier and the load as shown in 
Fig. 6.40. A filter circuit is generally a combination of inductors (L) and capacitors (C). The filtering 
action of L and C depends upon the basic electrical principles. A capacitor passes a.c. readily but 
does not **pass d.c. at all. On the other hand, an inductor topposes a.c. but allows d.c. to pass 
through it. It then becomes clear that suitable network of L and C can effectively remove the a.c. 
component, allowing the d.c. component to reach the load. 


RECTIFIER 
OUTPUT 


A.C. COMPONENT 
FILTERED 


PURE D.C. 
OUTPUT 


FILTER CIRCUIT 


Fig. 6.40 
6.21 Types of Filter Circuits 


The most commonly used filter circuits are capacitor filter, choke input filter and capacitor input 
filter or 1-filter. We shall discuss these filters in turn. 


(i) Capacitor filter. Fig. 6.41 (ii) shows a typical capacitor filter circuit. It consists of a 
capacitor C placed across the rectifier output in parallel with load R,. The pulsating direct voltage of 
the rectifier is applied across the capacitor. As the rectifier voltage increases, it charges the capacitor 
and also supplies current to the load. At the end of quarter cycle [Point A in Fig. 6.41 (iii)], the 


* Tf such a d.c. is applied in an electronic circuit, it will produce a hum. 


** A capacitor offers infinite reactance to d.c. For d.c., f= 0. 

x, i _ l a 
21 fC. 27X10 XC 

Hence, a capacitor does not allow d.c. to pass through it. 


+  Weknow X, =27/fL. For d.c., f= 0 and, therefore, X, =0. Hence inductor passes d.c. quite readily. For 
a.c., it offers opposition and drops a part of it. 
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capacitor is charged to the peak value V_, of the rectifier voltage. Now, the rectifier voltage starts to 
decrease. As this occurs, the capacitor discharges through the load and voltage across it (i.e. across 
parallel combination of R-C) decreases as shown by the line AB in Fig. 6.41 (iii). The voltage across 
load will decrease only slightly because immediately the next voltage peak comes and recharges the 
capacitor. This process is repeated again and again and the output voltage waveform becomes 
ABCDEFG. It may be seen that very little ripple is left in the output. Moreover, output voltage is 
higher as it remains substantially near the peak value of rectifier output voltage. 


RECTIFIER C R 
OUTPUT L 


(i) (ii) (iii) 
Fig. 6.41 


The capacitor filter circuit is extremely popular because of its low cost, small size, little weight 
and good characteristics. For small load currents (say upto 50 mA), this type of filter 1s preferred. It 
is commonly used in transistor radio battery eliminators. 

(ii) Choke input filter. Fig. 6.42 shows a typical choke input filter circuit. It consists of a 
*choke L connected in series with the rectifier output and a filter capacitor C across the load. Only a 
single filter section is shown, but several identical sections are often used to reduce the pulsations as 
effectively as possible. 

The pulsating output of the rectifier is applied across terminals | and 2 of the filter circuit. As 
discussed before, the pulsating output of rectifier contains a.c. and d.c. components. The choke 
offers high opposition to the passage of a.c. component but negligible opposition to the d.c. compo- 
nent. The result is that most of the a.c. component appears across the choke while whole of d.c. 
component passes through the choke on its way to load. This results in the reduced pulsations at 
terminal 3. 

L 


| 


3 
é 
€ AG. 2 DIS. 
COMPONENT 
——_» 
C LOAD 
t 
2 0 : 


Fig. 6.42 


At terminal 3, the rectifier output contains d.c. component and the remaining part of a.c. compo- 
nent which has managed to pass through the choke. Now, the low reactance of filter capacitor by- 
passes the a.c. component but prevents the d.c. component to flow through it. Therefore, only d.c. 
component reaches the load. In this way, the filter circuit has filtered out the a.c. component from the 
rectifier output, allowing d.c. component to reach the load. 

(iii) Capacitor input filter or 1-filter. Fig. 6.43 shows a typical capacitor input filter or **z- 
filter. It consists of a filter capacitor C, connected across the rectifier output, a choke L in series and 


* The shorthand name of inductor coil 1s choke. 
** The shape of the circuit diagram of this filter circuit appears like Greek letter m (pi) and hence the name 
m-filter. 


another filter capacitor C, connected 


rectifier is applied across the input pectirier 
terminals (i.e. terminals 1 and 2) of the |= OUTPUT 
filter. The filtering action of the three 

components viz C,, L and C, of this 

filter is described below : 
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across the load. Only one filter section ft ra 

is shown but several identical sections ft 

are often used to improve the smooth- O| —>1 0|——»7 
ing action. : 


The pulsating output from the 
LOAD 


Fig. 6.43 


(a) The filter capacitor C, offers low reactance to a.c. component of rectifier output while it 


offers infinite reactance to the d.c. component. Therefore, capacitor C, bypasses an appreciable amount 
of a.c. component while the d.c. component continues its journey to the choke L. 


(b) The choke L offers high reactance to the a.c. component but it offers almost zero reactance 


to the d.c. component. Therefore, it allows the d.c. component to flow through it, while the *unbypassed 
a.c. component is blocked. 


(c) The filter capacitor C, bypasses the a.c. component which the choke has failed to block. 


Therefore, only d.c. component appears across the load and that 1s what we desire. 


Example 6.23. For the circuit shown in Fig. 6.44, find the output d.c. voltage. 


D, Votin) 


50 uF 


D, R, = 2.2kQ 


[ 


Fig. 6.44 


Solution. It can be proved that output d.c. voltage is given by : 


_ l 
Vic 7 V 5G) (1 7 ZF Kz | 


Here V = Peak rectified full-wave voltage applied to the filter 


ptin) 


f 
Peak primary voltage, le J2 x 115=163V 


Output frequency 


Peak secondary voltage, V,...0) = (5) x 163 = 16.3V 


Peak full-wave rectified voltage at the filter input is 
V = V —2x0.7= 16.3-14=14.9V 


p (in) p (sec) 
For full-wave rectification, f= 2 f,, = 260 = 120 Hz 
1 _ 1 
Now 2f RC 2% 120 x (2.2x10%) x (50 x 107°) = 9-938 


That part of a.c. component which could not be bypassed by capacitor C,. 
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Example 6.24. The choke of Fig. 6.45 has a d.c. resistance of 25 Q. What is the d.c. voltage if 
the full-wave signal into the choke has a peak value of 25.7 V ? 


] 
Fig. 6.45 


Solution. The output of a full-wave rectifier has a d.c. component and an a.c. component. Due 
to the presence of a.c. component, the rectifier output has a pulsating character as shown in Fig. 6.46. 
The maximum value of the pulsating output is V,, and d.c. component is Vi. =2 V, /n. 


= 14.9 (1 — 0.038) = 14.3V 


R= 25 Q 


R, = 7502 


Fig. 6.46 Fig. 6.47 
For d.c. component V7, the choke resistance is in series with the load as shown in Fig. 6.47. 
Vi 
= —-XR 
Voltage across load, V,. R+R, L 
In our example, V7, = 2V in 3 exe 2 16.4V 
Tl Tl 
Vi _ _ 164 


Voltage across load, V,. = x 750 = 15.9 V 


R+R, "© 25+ 750 
The voltage across the load is 15.9 V dc plus a small ripple. 


6.22 Voltage Multipliers 


With a diode, we can build a rectifier to produce a d.c. voltage that 1s nearly equal to the peak value 
of input a.c. voltage. We can also use diodes and capacitors to build a circuit that will provide a d.c 
output that 1s multiple of the peak input a.c. voltage. Such a circuit 1s called a voltage multiplier. For 
example, a voltage doubler will provide a d.c. output that 1s twice the peak input a.c. voltage, a 
voltage tripler will provide a d.c. output that is three times the peak input a.c. voltage and so on. 


While voltage multipliers provide d.c. output that is much greater than the peak input a.c. volt- 
age, there 1s no power amplification and law of conservation of energy holds good. When a voltage 
multiplier increases the peak input voltage by a factor n, the peak input current 1s decreased by 
approximately the same factor. Thus the actual power output from a voltage multiplier will never be 
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greater than the input power. In fact, there are losses in the circuit (e.g. in diodes, capacitors etc.) so 
that the output power will actually be /ess than the input power. 


6.23 Half-Wave Voltage Doubler 


A half-wave voltage doubler consists of two diodes and two capacitors connected in a manner as 
shown in Fig. 6.48. It will be shown that if the peak input a.c. voltage is Vy, the d.c. output voltage 
will be 2 Vs (,,) provided the diodes are ideal (this assumption 1s fairly reasonable). The basic idea in 
a voltage multiplier is to charge each capacitor to the peak input a.c. voltage and to arrange the 
capacitors so that their stored voltages will add. 


Half-wave voltage doubler 
Fig. 6.48 


Circuit action. We now discuss the working of a half-wave voltage doubler. 

(1) During the negative half-cycle of a.c. input voltage [See Fig. 6.49 (i)], diode D, is forward 
biased and diode D, is reverse biased [See Fig. 6.49 (i)]. Therefore, diode D, can be represented by 
a short and diode D, as an open. The equivalent circuit then becomes as shown in Fig. 6.49 (ii). 


Fig. 6.49 


As you can see [See Fig.6.49 (ii)], C, will charge until voltage across it becomes equal to peak 
value of source voltage [V, (pk At the same time, C, will be in the process of discharging through the 
load R, (The source of this charge on C, will be explained in a moment). Note that in all figures 
electron flow is shown. 

(ii) When the polarity of the input a.c. voltage reverses (i.e. during positive half-cycle), the 
circuit conditions become as shown in Fig. 6.50 (i). Now D, is reverse biased and D, 1s forward 
biased and the equivalent circuit becomes as shown in Fig. 6.50 (ii). 


ri + 


-- 
2 


Fig. 6.50 
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Referring to Fig. 6.50 (ii), it is easy to see that C, (charged to V, (pk) Jand the source voltage (V,) 
now act as series-aiding voltage sources. Thus C, will be charged to the sum of the series peak 
voltages te. 2 Vor yy, 


(iii) When V, returns to its original polarity (i.e. negative half-cycle), D, 1s again turned off 
(i.e. reverse biased). With D, turned off, the only discharge path for C, is through the load resistance 
R,. The time constant (= R, C,) of this circuit 1s so adjusted that C, has little time to lose any of its 
charge before the input polarity reverses again. During the positive half-cycle, D, 1s turned on and C, 
recharges until voltage across it is again equal to 2 V.,,,). 


D.C. output voltage, Vi. = 2 Vs.) 
Since C, barely discharges between input cycles, the output waveform of the half-wave voltage 
doubler closely resembles that of a filtered half-wave rectifier. Fig. 6.51 shows the input and output 


waveforms for a half-wave voltage doubler. 


Input 


Output 


Fig. 6.51 


The voltage multipliers have the disadvantage of poor voltage regulation. This means that d.c. 
output voltage drops considerably as the load current increases. Large filter capacitors are needed to 
help maintain the output voltage. 


6.24 Voltage Stabilisation 


A rectifier with an appropriate filter serves as a good source of d.c. output. However, the major 
disadvantage of such a power supply 1s that the output voltage changes with the variations in the input 
voltage or load. Thus, if the input voltage increases, the d.c. output voltage of the rectifier also 
increases. Similarly, if the load current increases, the output voltage falls due to the voltage drop in 
the rectifying element, filter chokes, transformer winding etc. In many electronic applications, it is 
desired that the output voltage should remain constant regardless of the variations 1n the input voltage 
or load. In order to ensure this, a voltage stabilising device, called voltage stabiliser is used. Several 
stabilising circuits have been designed but only zener diode as a voltage stabiliser will be discussed. 


6.25 Zener Diode 


It has already been discussed that when the reverse bias on a crystal diode is increased, a critical 
voltage, called breakdown voltage is reached where the reverse current increases sharply to a high 
value. The breakdown region 1s the knee of the reverse characteristic as shown 1n Fig. 6.52. The 
satisfactory explanation of this breakdown of the junction was first given by the American scientist C. 
Zener. Therefore, the breakdown voltage is sometimes called zener voltage and the sudden increase 
in current is known as zener current. 


The breakdown or zener voltage depends upon the amount of doping. If the diode 1s heavily 
doped, depletion layer will be thin and consequently the breakdown of the junction will occur at a 
lower reverse voltage. On the other hand, a lightly doped diode has a higher breakdown voltage. 
When an ordinary crystal diode is properly doped so that it has a sharp breakdown voltage, it 1s called 
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a zener diode. 


A properly doped crystal diode which has a 


sharp breakdown voltage is known as a zener 
diode. 


Fig. 6.53 shows the symbol of a zener diode. 

It may be seen that it 1s just like an ordinary 

V diode except that the bar 1s turned into z-shape. 

7 The following points may be noted about the 
zener diode: 


(i) A zener diode 1s like an ordinary diode ex- 


cept that it is properly doped so as to have a 
sharp breakdown voltage. 


REVERSE ‘ . 
CHARACTERISTIC Zp (ii) A zener diode 1s always reverse connected 


i.e. it is always reverse biased. 
(iii) A zener diode has sharp breakdown volt- 
age, called zener voltage V,. 
(iv) When forward biased, its characteristics are just those of ordinary diode. 
(v) The zener diode 1s not immediately burnt just because it has entered 
the *breakdown region. As long as the external circuit connected to the diode 


limits the diode current to less than burn out value, the diode will not burn out. a ae 
6.26 Equivalent Circuit of Zener Diode 


The analysis of circuits using zener diodes can be made quite easily by replac- 
ing the zener diode by its equivalent circuit. 


Fig. 6.52 


Fig. 6.53 


(i) ‘On’ state. When reverse voltage across a zener diode is equal to or more than break 
down voltage V,, the current increases very sharply. In this region, the curve is almost vertical. 
It means that voltage across zener diode is constant at V, even though the current through it changes. 
Therefore, in the breakdown region, an **ideal zener diode can be represented by a battery of 


voltage V, as shown in Fig. 6.54 (ii). Under such conditions, the zener diode is said to be in the “ON” 
state. 
+ + 


V Ve V —2 V, 


(i) (ii) 
V2V, Equivalent circuit of zener for “‘on’’ state 


Fig. 6.54 


(ii) “OFF” state. When the reverse voltage across the zener diode 1s less than V, but greater 
than O V, the zener diode is in the “OFF” state. Under such conditions, the zener diode can be 
represented by an open-circuit as shown in Fig. 6.55 (ii). 

The current is limited only by both external resistance and the power dissipation of zener diode. 
2K 


This assumption 1s fairly reasonable as the impedance of zener diode is quite small in the breakdown 
region. 
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+ + 


(i) 
Vz>V>0 “ 


Equivalent circuit of zener for “‘off’’ state 


Fig. 6.55 
6.27 Zener Diode as Voltage Stabiliser 


A zener diode can be used as a voltage regulator to provide a constant voltage from a source whose 
voltage may vary over sufficient range. The circuit arrangement is shown in Fig. 6.56 (i). The zener 
diode of zener voltage V, is reverse connected across the load R, across which constant output is 
desired. The series resistance R absorbs the output voltage fluctuations so as to maintain constant 
voltage across the load. It may be noted that the zener will maintain a constant voltage V, (= E,) 
across the load so long as the input voltage does not fall below V,. 


(i) (ii) 
Fig. 6.56 


When the circuit is properly designed, the load voltage E, remains essentially constant (equal to 
V,) even though the input voltage E, and load resistance R, may vary over a wide range. 


(i) Suppose the input voltage increases. Since the zener is in the breakdown region, the zener 
diode is equivalent to a battery V, as shown in Fig. 6.56 (ii). It 1s clear that output voltage remains 
constant at V,(= E,). The excess voltage 1s dropped across the series resistance R. This will cause an 
increase in the value of total current J. The zener will conduct the increase of current in J while the 
load current remains constant. Hence, output voltage E, remains constant irrespective of the changes 
in the input voltage E.. 

(1i) Now suppose that input voltage is constant but the load resistance R, decreases. This will 
cause an increase in load current. The extra current cannot come from the source because drop in R 
(and hence source current J) will not change as the zener is within its regulating range. The additional 
load current will come from a decrease in zener current J,. Consequently, the output voltage stays at 
constant value. 


Voltage drop across R= E,—E, 
Current through R,J = I,+1, 


Semiconductor Diode @ 111 
Applying Ohm’s law, we have, 
_ £ - 
Lad, 


6.28 Solving Zener Diode Circuits 


The analysis of zener diode circuits is quite similar to that applied to the analysis of semiconductor 
diodes. The first step is to determine the state of zener diode i.e., whether the zener 1s in the “on” 
state or “off” state. Next, the zener is replaced by its appropriate model. Finally, the unknown 
quantities are determined from the resulting circuit. 

1. E,and R, fixed. This is the simplest case and is shown in Fig. 6.57 (i). Here the applied 
voltage E, as well as load R, 1s fixed. The first step is to find the state of zener diode. This can be 
determined by removing the zener from the circuit and calculating the voltage V across the resulting 
open-circuit as shown in Fig. 6.57 (ii). 


(7) (ii) 
Fig. 6.57 
If V2 V,, the zener diode is in the “on” state and its equivalent model can be substituted as 
shown in Fig. 6.58 (@). If V< V,, the diode is in the “off” state as shown in Fig. 6.58 (ii). 
(i) Onstate. Referring to circuit shown in Fig. 6.58 (4), 


E,=Vz 


(i) (it) 


Fig. 6.58 
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E é 
l= I—-I, wherel, = a andj = —-—2 


Power dissipated in zener, P, = V,I, 


(ii) Off state. Referring to the circuit shown in Fig. 6.58 (ii), 
=I, and I,=0 
Vp = E,-E, and V=E, (V<V,) 
P, = VI, = VO) = 0 


2. Fixed E; and Variable R,. This case is shown 
in Fig. 6.59. Here the applied voltage (£,) is fixed while 
load resistance R, (and hence load current /,) changes. 
Note that there is a definite range of R, values (and hence 
I, values) which will ensure the zener diode to be in “on” 
state. Let us calculate that range of values. 


(1) Ry in 294 T,,4,- Once the zener is in the “on” 
state, load voltage E, (= V,) is constant. As a result, 
when load resistance is minimum (i.e., R,,,,,,), load cur- 
rent will be maximum (J, = E,/R,). In order to find the Fig. 6.59 
minimum load resistance that will turn the 
zener on, we simply calculate the value of R, that will result in E, = Vi.e., 


*R, E, 
Eo = Ve> R+R, 
Rn, = 2 (i) 
Lmin E, -V, ane 


This is the minimum value of load resistance that will ensure that zener 1s in the “on” state. Any value 
of load resistance less than this value will result in a voltage E, across the load less than V, and the 
zener will be 1n the “off” state. 


E 
Clearly ; | Pn = = Z 
Rimin Rr nin 
(1) Tin 204 Ry ax: It 18 easy to see that when load resistance is maximum, load current is 
minimum. 
Now, Zener current, J, = I-I, 


When the zener is in the “on” state, ] remains **fixed. This means that when J, is maximum, I, 
will be minimum. On the other hand, when J, is minimum, /,1s maximum. If the maximum current 
that a zener can carry safely is t/,,,, then, 


* If you remove the zener in the circuit shown 1n Fig. 6.59, then voltage V across the open-circuit 1s 
Ry, E; 
i Ry 
The zener will be turned on when V = V,,. 


** Voltage across R, V, = E,— E, and I=V,/R. As E, and E, are fixed, J remains the same. 


+ Max. power dissipation in zener, Pz, = Vz [py 
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Lmin = 


and Th aus = ii : = 


Lmin Emin 
If the load resistance exceeds this limiting value, the current through zener will exceed J,,, and 


the device may burn out. 


3. Fixed R, and Variable E,. This case is 
shown in Fig. 6.60. Here the load resistance R, 1s 
fixed while the applied voltage (E;) changes. Note 
that there is a definite range of F, values that will en- 
sure that zener diode is in the “on” state. Let us cal- 
culate that range of values. ‘ 

(1) E, (min). To determine the minimum ap- 
plied voltage that will turn the zener on, simply cal- 
culate the value of E, that will result in load voltage 


E, = Vzi.e., Fig. 6.60 
R, E,; 
= = = R+ R 
L 
_— (R+R#,) Vz 
E; (min) R 
L 


(ii) E, (max) 
Now, current through R, J = I,+TI, 


Since I, (= E,/R, = V,/R,) is fixed, the value of J will be maximum when Zener current 1s maxi- 
mum i.é., 


Imax = Agu 7 fy 
Now E, = IR+E, 
Since E, (= V,) is constant, the input voltage will be maximum when / is maximum. 
Ei Gy. = teat? Vz 


Example 6.25. For the circuit shown in Fig. 6.61 (i), find : 
(i) the output voltage (ii) the voltage drop across series resistance 
(iii) the current through zener diode. 


, R=5kQ 7 E 


120 V 10 kQ 10 kQ 


(i) Fig. 6.61 (ii) 
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Solution. If you remove the zener diode in Fig. 6.61 (i), the voltage V across the open-circuit 1s 
given by : 
V = Ry & 2 SUA 2 ee 
R+R, 5410 
Since voltage across zener diode is greater than V, (= 50 V), the zener is in the “on” state. It can, 


therefore, be represented by a battery of 50 V as shown in Fig. 6.61 (ii). 


(i) Referring to Fig. 6.61 (ii), 
Output voltage = V,=S0V 
(it) Voltage drop across R = Input voltage— V, = 120-50 = 70V 
(tit) Load current, J, = V/R, = 50 V/10kQ = SmA 


I 
| 
is 
= 
> 


Current through R, | 


Applying Kirchhoff’s first law, = I, + 1, 
Zener current, /, = [-J, = 14-5 =9mA 


Example 6.26. For the circuit shown in Fig. 6.62 (i), find the maximum and minimum values of 
zener diode current. 

Solution. The first step is to determine the state of the zener diode. It is easy to see that for the 
given range of voltages (80 — 120 V), the voltage across the zener is greater than V,(=50 V). Hence 
the zener diode will be in the “on” state for this range of applied voltages. Consequently, it can be 
replaced by a battery of 50 V as shown in Fig. 6.62 (ii). 


5kQ I fy, 


= 80-120 


(7) (i) 
Fig. 6.62 


aximum zener current. The zener will conduct *maximum current when the input voltage is 
Maximum r current. Th ll duct * t when th t volt 


maximum i.e. 120 V. Under such conditions : 
Voltage across 5kQ = 120-—50=70V 
70 V 


Current through 5kQ, J = Sko 14mA 
Load current, J, = aos 5SmA 
10 kQ 
ce Kirchhoff's first law, 7 = I, + I, 


Zener current, /, = [-I, = 14-5 =9mA 


* [,=1I-I,. Since I, (= V/R,) 1s fixed, I, will be maximum when Jis maximum. 
Now, I = R = Rr: Since V, (= E,) and R are fixed, J will be maximum when E£, is 
maximum and vice-versa. 
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Minimum Zener current. The zener will conduct minimum current when the input voltage is 
minimum i.e. 80 V. Under such conditions, we have, 

Voltage across 5kQ = 80-50 = 30V 
30 V 
5kQ 
Load current, J, = SmA 
Zener current, l, = I-I, = 6-5 = 1mA 


Current through 5 kQ, / =6mA 


Example 6.27. A 7.2 V zener is used in the circuit shown in Fig. 6.63 and the load current is to 
vary from 12 to 100 mA. Find the value of series resistance R to maintain a voltage of 7.2 V across 
the load. The input voltage is constant at 12V and the minimum zener current is 10 mA. 


I R 


Fig. 6.63 


ty 
lI 


ZV. Ver I2ZV 
E,- £,, 
indi; 
The voltage across R is to remain constant at 12 — 7.2 = 4.8 V as the load current changes from 
12 to 100 mA. The minimum zener current will occur when the load current is maximum. 
E> BE, 2V-7.2V 48V 


Twin + Uae  @0+100)mA ~ 110mA oe 


If R= 43.5 Q is inserted 1n the circuit, the output voltage will remain constant over the regulating 
range. As the load current J, decreases, the zener current J, will increase to such a value that J, + I, = 
110 mA. Note that if load resistance is open-circuited, then J, = 0 and zener current becomes 
110 mA. 


Example 6.28. The zener diode shown in Fig. 6.64 has V; = 18 V. The voltage across the load 
stays at 18 Vas long as I,is maintained between 200 mA and 2 A. Find the value of series resistance 
R so that E, remains 18 V while input voltage E, is free to vary between 22 V to 28V. 


Solution. 


R = 


R 


I 


22 V to 28 Vi 


Fig. 6.64 


Solution. The zener current will be minimum (i.e. 200 mA) when the input voltage is min1mum 
(i.e. 22 V). The load current stays at constant value J, = V,/ R, = 18 V/18 Q= 1 A= 1000 mA. 


B=: __@2-19V__ _4V_ ggg 


** G),,, +d), 200+ 1000)mA ~ 1200 mA 
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Example 6.29. A 10-V zener diode is used to regulate the voltage across a variable load resistor 
[See fig. 6.65]. The input voltage varies between 13 V and 16 V and the load current varies between 10 
mA and 85 mA. The minimum zener current is 15 mA. Calculate the value of series resistance R. 


R 


I 


13 Vto 16 V_1-* 


Fig. 6.65 
Solution. The zener will conduct minimum current (i.e. 15 mA) when input voltage is minimum 
(i.e. 13 V). 


B= £. _ (3-1)V _ _3V_ _ ya 


R = —i 0s = ce 
Cy)min + Umar  @5+85)mA  100mA 


Example 6.30. The circuit of Fig. 6.66 uses two zener diodes, each rated at 15 V, 200 mA. If the 
circuit is connected to a 45-volt unregulated supply, determine : 


(i) The regulated output voltage (ii) The value of series resistance R 


Fig. 6.66 
Solution. When the desired regulated output voltage is higher than the rated voltage of the 
zener, two or more zeners are connected 1n series as shown in Fig. 6.66. However, in such circuits, 
care must be taken to select those zeners that have the same current rating. 


Current rating of each zener, 1, = 200mA 
Voltage rating of each zener, V; = 15 V 
Input voltage, E, = 45 V 


(i) Regulated output voltage, E, = 15+15 = 30V 
, Series resistance. R = cio = £9730 _ SV _acy 
(il) eries resistance, I, = 500mA ~ 200 mA 


Example 6.31. What value of series resistance is required when three 10-watt, 10-volt, 
1000 mA zener diodes are connected in series to obtain a 30-volt regulated output from a 45 volt d.c. 
power source ? 

Solution. Fig. 6.67 shows the desired circuit. The worst case is at no load because then zeners 
carry the maximum current. 


R 
4. 


E,=45V Ey=30V 


Fig. 6.67 
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Voltage rating of each zener, V, = 10 V 
Current rating of each zener, J, = 1000mA 
Input unregulated voltage, E, = 45 V 
Regulated output voltage, E, = 10+ 10+10=30V 
Let R ohms be the required series resistance. 
Voltage across R = E,-—E, = 45-30 = 15 V 


Example 6.32. Over what range of input voltage will the zener circuit shown in Fig. 6.68 
maintain 30 V across 2000 Q load, assuming that series resistance R = 200 Q and zener current 
rating is 25 mA ? 


R=200Q2 7 Ly 


Fig. 6.68 
Solution. The minimum input voltage required will be when J, = 0. Under this condition, 
1, = 1= 2% =15ma 
2000 Q 
Minimum input voltage = 30+/7R = 30+15mA x 200 Q 
= 30+3 = 33V 


The maximum input voltage required will be when J, = 25 mA. Under this condition, 
I= 1,+1, = 15+25 = 40mA 


Max. input voltage = 30+/R 
= 30+40 mA x 200 Q 
= 30+8 = 38V 


Therefore, the input voltage range over which the circuit will maintain 30 V across the load is 
33 V to 38 V. 


Example 6.33. In the circuit shown in Fig. 6.69, 
the voltage across the load is to be maintained at 12 V 
as load current varies from 0 to 200 mA. Design the 
regulator. Also find the maximum wattage rating of 
zener diode. 


Solution. By designing the regulator here means 
to find the values of V, and R. Since the load voltage 
is to be maintained at 12 V, we will use a zener diode 
of zener voltage 12 V i.e., 

V, = 12V 
The voltage across R is to remain constant at 16 — 12 = 4 V as the load current changes from 0 to 


200 mA. The minimum zener current will occur when the load current is maximum. 

E.-E = 

R = ——i 0 ss _l6-l2 — aad = 2700 
Gy) t+ Ud, (0 + 200) mA 200 mA 


Fig. 6.69 
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Maximum power rating of zener is 
Pyy = Vela = (12 V) (200 mA) = 2.4 W 


Example. 6.34. Fig. 6.70 shows the basic zener diode circuits. What will be the circuit behaviour 
if the zener is (i) working properly (ii) shorted (iii) open-circuited? 


+12V +12V +12V 
1kQ $ 1kQ 1kQ 
-- 
Vr $ 5kO Zener $ 5kQ Zener $ 5kQ 
6V short open 
(7) (ii) (iit) 
Fig. 6.70 


Solution. Zener diodes cannot be tested individually with a multimeter. It is because multimeters 
usually do not have enough input voltage to put the zener into breakdown region. 

(1) Ifthe zener diode is working properly, the voltage V, across the load (= 5 kQ) will be nearly 
6V [See Fig. 6.70 (a). 

(11) Ifthe zener diode 1s short [See Fig. 6.70 (i)], you will measure V, as OV. The same problem 
could also be caused by a shorted load resistor (= 5kQ) or an opened source resistor (= 1 kQ). The 
only way to tell which device has failed is to remove the resistors and check them with an ohmmeter. 
If the resistors are good, then zener diode is bad. 


(vii) If the zener diode is open-circuited, the voltage V, across the load (= 5 kQ) will be 10V. 


Example 6.35. Fig. 6.71 shows regulated power supply using a zener diode. What will be the 
circuit behaviour if (i) filter capacitor shorts (ii) filter capacitor opens? 


Electron 
flow 


Fuse blows 
as a result 

of excessive 
current 


Fig. 6.71 


Solution. The common faults in a zener voltage regulator are shorted filter capacitor or opened 
filter capacitor. 


(i) When filter capacitor shorts. When the filter capacitor shorts, the primary fuse will blow. 
The reason for this is illustrated in Fig. 6.71. When the filter capacitor shorts, it shorts out the load 
resistance R,. This has the same effect as wiring the two sides of the bridge together (See Fig. 6.71). 
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If you trace from the high side of the bridge to the low side, you will see that the only resistance across 
the secondary of the transformer is the forward resistance of the two ON diodes. This effectively 
shorts out the transformer secondary. The result 1s that excessive current flows in the secondary and 
hence in the primary. Consequently, the primary fuse will blow. 

(ii) When filter capacitor opens. When the filter capacitor opens, it will cause the ripple in the 
power supply output to increase drastically. At the same time, the d.c. output voltage will show a 
significant drop. Since an open filter capacitor is the only fault that will cause both of these symp- 
toms, no further testing 1s necessary. If both symptoms appear, replace the filter capacitor. 


6.29 Crystal Diodes versus Vacuum Diodes 
Semiconductor diodes (or crystal diodes) have a number of advantages and disadvantages as com- 
pared to their electron-tube counterparts (i.e., vacuum diodes). 

Advantages : 

(i) They are smaller, more rugged and have a longer life. 

(ii) They are simpler and inherently cheaper. 


(iii) They require no filament power. As a result, they produce less heat than the equivalent 
vacuum diodes. 


Disadvantages : 


(i) They are extremely heat sensitive. Even a slight rise in temperature increases the current 
appreciably. Should the temperature *exceed the rated value of the diode, the increased flow of 
current may produce enough heat to ruin the pn junction. On the other hand, vacuum diodes function 
normally over a wide range of temperature changes. 

It may be noted that silicon is better than germanium as a semiconductor material. Whereas a 
germanium diode should not be operated at temperatures higher than 80°C, silicon diodes may oper- 
ate safely at temperatures upto about 200°C. 

(ii) They can handle small currents and low inverse voltages as compared to vacuum diodes. 


(ii) They cannot stand an overload even for a short period. Any slight overload, even a 
transient pulse, may permanently damage the crystal diode. On the other hand, vacuum diodes can 
stand an overload for a short period and when the overload is removed, the tube will generally 
recover. 


MULTIPLE-CHOICE QUESTIONS 


1. Acrystal diode has ........ (i) forward 
(i) one pn junction (ii) reverse 
(ii) two pnjunctions (iii) either forward or reverse 
(iii) three pn junctions (iv) none of the above 
(iv) none of the above 4. The reverse current in a diode 1s of the order 
2. Acrystal diode has forward resistance of the OF svivsbes 
order of ........ (i) kA (ii) mA 
(i) kQ (ii) Q (iii) WA (iv) A 
(iii) MQ (iv) none of the above 5. The forward voltage drop across a silicon 
3. Ifthe arrow of crystal diode symbol is posi- diode 1s about ........ 
tive w.r.t. bar, then diode 1s ........ biased. 


* Even when soldering the leads of a crystal diode, care must be taken not to permit heat from the soldering 
device to reach the crystal diode. 
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(ij) 25 V (ii) 3 V 
(iii) 10 V (iv) 0.7 V 
6. A crystal diode 1s used as ........ 
(i) anamplifier (ii) a rectifier 
(iii) anoscillator (iv) avoltage regulator 


7. The d.c. resistance of a crystal diode is........ 

its a.c. resistance. 

(i) the same as (ii) more than 

(iii) less than 

8. An ideal crystal diode is one which behaves 
as a perfect ........ when forward biased. 


(iv) none of the above 


(i) conductor 
(ii) insulator 
(iii) 
(iv) 
9. The ratio of reverse resistance and forward 


resistance of a germanium crystal diode is 
about ........ 


Gi) 1:1 (ii) 100: 1 
(iii) 1000: 1 (iv) 40000 : 1 
10. The leakage current in a crystal diode is due 


resistance material 
none of the above 


(i) munority carriers 

(ii) majority carriers 
(iii) junction capacitance 
(iv) none of the above 


11. If the temperature of a crystal diode in- 
creases, then leakage current ........ 


(i) remains the same 
(ii) decreases 

(iii) increases 

(iv) becomes zero 


12. The PIV rating of a crystal diode is ........ 
that of equivalent vacuum diode. 
(i) the same as (ii) lower than 
(iii) more than (iv) none of the above 
13. If the doping level of a crystal diode is in- 
creased, the breakdown voltage ......... 
(i) remains the same 
(ii) 1S increased 
(iii) 
(iv) 
14. The knee voltage of a crystal diode is ap- 
proximately equal to ........ 


is decreased 
none of the above 


(i) applied voltage 
(ii) breakdown voltage 
(iii) forward voltage 
(iv) barrier potential 
15. When the graph between current through and 


voltage across a device 1s a straight line, the 


device is referred to as ........ 
(i) linear (ii) active 
(iii) nonlinear (iv) passive 


16. When the crystal diode current 1s large, the 


bias 1s ........ 
(i) forward (ii) inverse 
(iii) poor (iv) reverse 


17. A crystal diode is a ........ device. 
(ii) bilateral 
(iv) none of the above 


(i) non-linear 
(iii) linear 
18. A crystal diode utilises ........ characteristic 
for rectification. 
(i) reverse (ii) forward 
(iii) forward or reverse 
(iv) none of the above 


19. When a crystal diode is used as a rectifier, 
the most important consideration is ........ 


(i) forward characteristic 
(ii) doping level 
(iii) reverse characteristic 
(iv) PIV rating 
20. If the doping level in a crystal diode is 1n- 
creased, the width of depletion layer ........ 
(i) remains the same 
(ii) 18 decreased 
(iii) 
(iv) none of the above 
21. A zener diode has ........ 
(i) one pn junction 


1S increased 


(ii) two pnjunctions 
(iii) three pn junctions 
(iv) none of the above 
22. A zener diode is used as......... 
(i) anamplifier (ii) a voltage regulator 
(iii) arectifier (iv) amultivibrator 
23. The doping level in a zener diode is ........ 
that of a crystal diode. 


(i) the same as (ii) less than 


(iii) more than (iv) none of the above 
24. A zener diode is always .......... connected. 
(1) reverse 
(ii) forward 
(iii) either reverse or forward 
(iv) none of the above 


25. A zener diode utilises ........ characteristic for 
its operation. 


(i) forward 

(ti) reverse 
(iii) both forward and reverse 
(iv) none of the above 


26. In the breakdown region, a zener diode be- 
haves like a ......... source. 


(i) constant voltage 
(ii) constant current 
(iii) constant resistance 
(iv) none of the above 
27. A zener diode is destroyed if it ........ 
(i) 1s forward biased 
(ii) 1s reverse biased 
(iii) carries more than rated current 
(iv) none of the above 


28. A series resistance 1s connected 1n the zener 
circuit to ........ 
(i) properly reverse bias the zener 
(ii) protect the zener 
(iii) properly forward bias the zener 
(iv) none of the above 
29. A zener diode is........ device. 
(i) anon-linear (ii) a linear 
(iii) anamplifying (iv) none of the above 


30. A zener diode has ........ breakdown voltage. 
(i) undefined (ii) sharp 
(iii) zero (iv) none of the above 
5) rectifier has the lowest forward resis- 
tance. 


(i) solid state 
(iii) gas tube 


(ii) vacuum tube 
(iv) none of the above 


32. Mains a.c. power is converted into d.c. power 
for ........ 


(i) lighting purposes 
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(ii) heaters 
(iii) using in electronic equipment 
(iv) none of the above 


33. The disadvantage of a half-wave rectifier is 
that the ........ 


(i) components are expensive 
(ii) diodes must have a higher power rating 
(iii) 
(vy) 
34. If the a.c. input to a half-wave rectifier has 


an r.m.s. value of 400/ a9 volts, then diode 
PIV rating 1s........ 


(i) 400/J/2 Vs (i) 400 V 
(iii) 400 x J2V (iv) none of the above 
35. The ripple factor of a half-wave rectifier is 


output is difficult to filter 
none of the above 


(i) 2 (ii) 1.21 
(iii) 2.5 (iv) 0.48 
36. There is a need of transformer for ........ 
(i) half-wave rectifier 
(ii) centre-tap full-wave rectifier 
(iii) bridge full-wave rectifier 
(iv) none of the above 


37. The PlV rating of each diode in a bridge rec- 
tifier is ........ that of the equivalent centre- 
tap rectifier. 


(i) one-half 
(iii) twice 


(ii) the same as 

(iv) four times 

38. For the same secondary voltage, the output 
voltage from a centre-tap rectifier is ........ 
than that of bridge rectifier. 


(ii) thrice 
(iii) four times (iv) one-half 
39. Ifthe PIV rating of a diode is exceeded, ........ 
(i) the diode conducts poorly 
(ii) the diode 1s destroyed 
(iii) the diode behaves as zener diode 


(i) twice 


(iv) none of the above 


40. A 10 V power supply would use 
filter capacitor. 


(i) paper capacitor (ii) mica capacitor 
(iii) electrolytic capacitor 
(iv) air capacitor 
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41. A 1000 V power supply would use ........ as has a turns ratio of 8 : 1, what is the peak 
a filter capacitor. load voltage ? Ignore diode drop. 
(i) paper capacitor (i) 27.5 V (ii) 86.5 V 
(ii) air capacitor (iii) 30 V (iv) 42.5 V 
(iii) mica capacitor 44. The maximum efficiency of a half-wave rec- 
(iv) electrolytic capacitor tiffer 18 .......... 
42. The ...... filter circuit results in the best volt- (i) 40.6% (ii) 81.2% 
age regulation. (iii) 50% (iv) 25% 
(i) choke input 45. The most widely used rectifier is ........... 
(ii) capacitor input (i) half-wave rectifier 
(iii) resistance input (ii) centre-tap full-wave rectifier 
(iv) none of the above (iii) bridge full-wave rectifier 
43. A half-wave rectifier has an input voltage of (iv) none of the above 


240 Vrms. If the step-down transformer 


ae ea 


Answers to Multiple-Choice Questions 


. (ii) . @) . (iii) 
. (iii) . (i) . (iv) 
. (ii) . (iii) . (iv) 
.@ . (ii) . (iv) 
. (ii) . (iii) . @ 
. (iii) . (ii) . 
. (iii) . (iii) . (ii) 
.@ . (iv) ; ie 
.@ . (iv) .@ 


Chapter Review Topics 


What is a crystal diode ? Explain its rectifying action. 


. Draw the graphic symbol of crystal diode and explain its significance. How the polarities of crystal 


diode are identified ? 

What do you understand by the d.c. and a.c. resistance of a crystal diode ? How will you determine 
them from the V-/ characteristic of a crystal diode ? 

Draw the equivalent circuit of a crystal diode. 

Discuss the importance of peak inverse voltage in rectifier service. 

Describe a half-wave rectifier using a crystal diode. 

Derive an expression for the efficiency of a half-wave rectifier. 

With a neat sketch, explain the working of (7) Centre-tap full-wave rectifier (ii) Full-wave bridge 
rectifier. 

Derive an expression for the efficiency for a full-wave rectifier. 


. Write a short note about the nature of rectifier output. 
. What is a ripple factor ? What is its value for a half-wave and full-wave rectifier ? 
. Describe the action of the following filter circuits : (i) capacitor filter (i2) choke input filter (ii) 


capacitor input filter. 


. What is a zener diode ? Draw the equivalent circuit of an ideal zener in the breakdown region. 
. Explain how zener diode maintains constant voltage across the load. 
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Problems 
1. What is the current in the circuit in Fig. 6.72 ? Assume the diode to be ideal. [10 mA] 


Si 


o—pt— 5V 10Q 


Fig. 6.72 Fig. 6.73 
2. Using equivalent circuit, determine the current in the circuit shown in Fig. 6.73. Assume the forward 
resistance of the diode to be 2 Q. [358 mA] 


3. Find the voltage V, and current Jin the circuit shown in Fig. 6.74. Use simplified model. [14 V; 2 mA] 
4. Determine the magnitude of V, in the circuit shown in Fig. 6.75. [9.5 V] 


5. Ahalf-wave rectifier uses a transformer of turn ratio 4 : 1. Ifthe primary voltage is 240 V (r.m.s.), find 
(i) d.c. output voltage (ii) peak inverse voltage. Assume the diode to be ideal. —[(i) 27 V (ii) 85 V] 


a) | Ge Si Ge 2kQ 
+15 V V, + 20V V, 
7kQ 2 kQ 
Fig. 6.74 Fig. 6.75 


6. Ahalf-wave rectifier uses a transformer of turn ratio 2 : 1. The load resistance is 500 Q. If the primary 
voltage (r.m.s.) 1s 240 V, find (7) d.c. output voltage (ii) peak inverse voltage. [(@) 54 V (ii) 170 V] 


230 V 
50 Hz 
Ry, 


Fig. 6.76 Fig. 6.77 


7. InFig. 6.76, the maximum voltage across half of secondary winding 1s 50 V. Find (i) the average load 
voltage (ii) peak inverse voltage (iii) output frequency. Assume the diodes to be ideal. 

[(@) 31.8 V (ii) 100 V (iii) 100 Hz] 

8. In Fig. 6.77, the maximum secondary voltage is 136 V. Find (i) the d.c. load voltage (ii) peak inverse 

voltage (iii) output frequency. [(¢) 86.6 V (zi) 136 V (iii) 100 Hz] 

9. A semiconductor diode having ideal forward and reverse characteristics 1s used in a half-wave recti- 

fier circuit supplying a resistive load of 1000 Q. If the r.m.s. value of the sinusoidal supply voltage 1s 

250 V, determine (7) the r.m.s. diode current and (ii) power dissipated in the load. 

[@) 177 mA (ii) 31.3W] 

10. The four semiconductor diodes used in a bridge rectifier circuit have forward resistance which can be 

considered constant at 0.1Q and infinite reverse resistance. They supply a mean current of 10A toa 

resistive load from a sinusoidally varying alternating supply of 20V r.m.s. Determine the resistance of 

the load and the efficiency of the circuit. [1.62 ; 72%] 


11. Find the average value of each voltage in Fig. 6.78. 


230 V 
50 Hz 


[@) 1.59 V (i) 63.7 V Wi) 16.4 V (wy) 10.5 V] 
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5V--- 100 V 
OV t OV t 
(i) (it) 
20 V 
+25 V 
10 V OV t 
-15V 
OV 
(iii) (iv) 
Fig. 6.78 
12. Calculate the peak voltage across each half of a centre-tapped transformer used in a full-wave rectifier 
that has an average output voltage of 110V. [173V] 
13. What PIV rating is required for the diodes in a bridge rectifier that produces an average output voltage 
of 50V? [78.5 V] 
14. In the circuit shown in Fig. 6.79, is zener diode in the on or off state ? [Off] 


1kQ 1kQ J 


Fig. 6.79 Fig. 6.80 


15. In the circuit shown in Fig. 6.80, determine the range of R, that will result in a constant voltage of 
10 V across R,. [250 @ to 1.25 kQ] 


Discussion Questions 


. Why are diodes not operated in the breakdown region in rectifier service ? 
. Why do we use transformers in rectifier service ? 

. Why is PIV important in rectifier service ? 

. Why is zener diode used as a voltage regulator ? 


. Why ts capacitor input filter preferred to choke input filter ? 


Special-Purpose 
Diodes 


7.2 Light-Emitting Diode (LED) 
7.3 LED Voltage and Current 

7.4 Advantages of LED 

7.5  Multicolour LEDs 

7.6 Applications of LEDs 

7.7 Photo-diode 

7.8 Photo-diode operation 

7.9 Characteristics of Photo-diode 
7.10 Applications of photo-diodes 


7.11  Optoisolator 

7.12 Tunnel Diode 

7.13 Tunnel Diode Oscillator 
7.14 Varactor Diode 

7.15 Application of Varactor Diode 
7.16 Shockley Diode 


INTRODUCTION 


he most common application of diodes is rectification. The rectifier diodes are used in power 

: supplies to convert a.c. voltage into d.c. voltage. But rectification is not all that a diode can 

do. A number of specific types of diodes are manufactured for specific applications in 

this fast developing world. Some of the more common special-purpose diodes are (i) Zener diode 

(ii) Light-emitting diode (LED) (iii) Photo-diode (iv) Tunnel diode (1) Varactor diode and (v7) Shockley 
diode. 
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7.1 Zener Diode 


A zener diode is a special type of diode 
that is designed to operate in the reverse 
breakdown region. An ordinary diode 
operated in this region will usually be 
destroyed due to excessive current. 
This is not the case for the zener diode. 


A zener diode is heavily dopedto) —__ Vp 
reduce the reverse breakdown voltage. 
This causes a very thin depletion layer. 
As a result, a zener diode has a sharp 
reverse breakdown voltage V,. This is 
clear from the reverse characteristic of 


that the reverse characteristic drops in 
an almost vertical manner at reverse 
voltage V7. As the curve reveals, two 
things happen when V, is reached : 


(i) The diode current increases rapidly. 


REGION 
zener diode shown in Fig. 7.1. Note | 


+] 


—f 


Fig. 7.1 


(11) The reverse voltage V, across the diode remains almost constant. 


In other words, the zener diode operated in this region will have a relatively constant voltage 
across it, regardless of the value of current through the device. This permits the zener diode to be 
used as a voltage regulator. For detailed discussion on zener diode, the reader may refer to chapter 6 


of this book. 
7.2 Light-Emitting Diode (LED) 


A light-emitting diode (LED) is a diode that gives off visible light when forward biased. 


Light-emitting diodes are not made from silicon 
or germanium but are made by using elements like 
gallium, phosphorus and arsenic. By varying the 
quantities of these elements, it is possible to produce 
light of different wavelengths with colours that in- 
clude red, green, yellow and blue. For example, when 
a LED is manufactured using gallium arsenide, it will 
produce ared light. If the LED is made with gallium 
phosphide, it will produce a green light. 


Theory. When light-emitting diode (LED) 1s for- 
ward biased as shown in Fig. 7.2 (i), the electrons 
from the n-type material cross the pn junction and 
recombine with holes in the p-type material. Recall 
that these free electrons are in the conduction band 
and at a higher energy level than the holes in the va- 
lence band. When recombination takes place, the re- 


Light-emitting diode 


combining electrons release energy in the form of heat and light. In germanium and silicon diodes, 
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almost the entire energy is given up in the form of heat and emitted light is insignificant. However, in 
materials like gallium arsenide, the number of photons of light energy is sufficient to produce quite 
intense visible light. 


EMITTED VISIBLE 
LIGHT 


RECOMBINATION 


(7) (ii) 
Fig. 7.2 
Fig. 7.2 (ii) shows the schematic symbol for a LED. The arrows are shown as pointing away 
from the diode, indicating that light is being 


emitted by the device when forward biased. Al- 12 

though LEDs are available in several colours 10 

(red, green, yellow and orange are the mostcom- RADIATED 8 

mon), the schematic symbol is the same for all LIGHT al: 

LEDs. There is nothing in the symbol to indi- 9 

cate the colour of a particular LED. Fig. 7.3 

shows the graph between radiated light and the 0 20 40 60 80 100° ™ 
forward current of the LED. Itis clear from the Fig. 7.3 


graph that the intensity of radiated light is di- 
rectly proportional to the forward current of LED. 


7.3 LED Voltage and Current 


The forward voltage ratings of most LEDs is from 1V to 3V and for- 
ward current ratings range from 20 mA to 100 mA. In order that current 
through the LED does not exceed the safe value, a resistor R, is con- 
nected in series with it as shown in Fig. 7.4. The input voltage is V, and 
the voltage across LED is Vp. 


Fig. 7.4 


Voltage across R; = V.—-Vp 
Vg Vp 


Ks 
Example 7.1. What value of series resistor is required to limit the current through a LED to 
20 mA with a forward voltage drop of 1.6 V when connected to a 10V supply ? 


Circuit current, J, 


Solution. 
Vs —Vp 


Ir 
Here V, = 10V; Vp,=16V; I,=20mA=20x107°A 


Series resistor, R, 
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10 -—1.6 
e = eee = 420 Q 
20 x10 


Note that resistor R, is also called current-limiting resistor. 


Example 7.2. What is current through the LED in the circuit 
shown in Fig. 7.5 ? Assume that voltage drop across the LED 1s 2 V. 


Solution. 
Vs —Vp 
Current through LED, J, = — R. 
S 
Here V,=15V; Vp=2V; Ry=2.2kQ=2.2x10°Q 
15-2 - 
p= Dy =5.91x 10° A=5.91 mA 
2.2 x10 


7.4 Advantages of LED 


The light-emitting diode (LED) is a solid-state light source. LEDs have replaced incandescent lamps 
in many applications because they have the following advantages : 
(i) Low voltage +5 V 
(1) Longer life (more than 20 years) 
(ii) Fast on-off switching 100 Q 
Protecting LED against reverse bias. The LEDs have low reverse volt- 
age ratings. For example, a typical LED may have a maximum reverse voltage 
rating of 3V. This means that if a reverse voltage greater than 3 V is applied to 4 
the LED, the LED may be destroyed. Therefore, one must be careful not to use 
LEDs with a high level of reverse bias. One way to protect a LED is to connect 
a rectifier diode in parallel with LED as shown in Fig. 7.6. If reverse voltage 
greater than the reverse voltage rating of LED is accidentally applied, the rec- 
tifier diode will be turned on. This protects the LED from damage. Fig. 7.6 


7.5 Multicolour LEDs 


A LED that emits one colour when forward biased and another colour when reverse biased is called 
a multicolour LED. 


One commonly used schematic symbol for these LEDs is shown in Fig. 7.7. Multicolour LEDs 


Fig. 7.7 
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actually contain two pn junctions that are connected in reverse-parallel i.e. they are in parallel with 
anode of one being connected to the cathode of the other. If positive potential is applied to the top 
terminal as shown in Fig. 7.7 (1), the pn junction on the left will light. Note that the device current 
passes through the left pn junction. If the polarity of the voltage source is reversed as shown in 
Fig. 7.7 (ii), the pn junction on the right will light. Note that the direction of device current has 
reversed and is now passing through the right pn junction. 


Multicolour LEDs are typically red when biased in one direction and green when biased in the 
other. If a multicolour LED is switched fast enough between two polarities, the LED will produce a 
third colour. A red/green LED will produce a yellow light when rapidly switched back and forth 
between biasing polarities. 


7.6 Applications of LEDs 


The LED is a low-power device. The power rating of a LED is of the order of milliwatts. This means 
that it is useful as an indicator but not good for illumination. Probably the two most common appli- 
cations for visible LEDs are (i) as a power indicator (ii) seven-segment display. 


(i) As a power indicator. A LED can be 
used to indicate whether the power is on or not. 
Fig. 7.8 shows the simple use of the LED as a power 
indicator. When the switch S$ is closed, power is 
applied to the load. At the same time current also 
flows through the LED which lights, indicating 
power is on. The resistor R, in series with the LED 
ensures that current rating of the LED is not ex- 
ceeded. Fig. 7.8 


(ii) Seven-segment display. LEDs are often grouped to form seven-segment display. 
Fig. 7.9 (i) shows the front of a seven segment display. It contains seven LEDs (A, B, C, D, E, F and 
G) shaped in a figure of *8. Each LED is called a **segment. If a particular LED is forward biased, 
that LED or segment will light and produces a bar of light. By forward biasing various combinations 
of seven LEDs, it is possible to display any number from 0 to 9. For example, if LEDs A, B, C, Dand G 
are lit (by forward biasing them), the display will show the number 3. Similarly, if LEDs C, D, E, FE A 
and Gare lit, the display will show the number 6. To get the number 0, all segments except G are lit. 


0 +5V 
_A_ 
te |e lee lee la le lA 
F| [5 4 |7 | |% |% | |& 
| Ge 
[ec 
D *, By Be Bp Se Be Pe 


(7) (11) 
Fig. 7.9 


Fig. 7.9 (ii) shows the schematic diagram of seven-segment display. External series resistors are 
included to limit currents to safe levels. Note that the anodes of all seven LEDs are connected to a 


Note that LEDs A, B, C, D, E and F are arranged clockwise from the top with LED G in the middle. 


** Each LED is called a segment because it forms part of the character being displayed. 
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common positive voltage source of +5 V. This arrangement is known as *common-anode type. In 
order to light a particular LED, say A, we ground the point A in Fig. 7.9 (ii). It forward biases the LED 
A which will be lit. 


7./ Photo-diode 


A photo-diode is a reverse-biased silicon or germanium pn junction in which reverse current in- 
creases when the junction is exposed to light. 


The reverse current in a photo-diode is directly proportional to the intensity of light falling on its 
pn junction. This means that greater the intensity of light falling on the pn junction of photo-diode, 
the greater will be the reverse current. 


Principle. When a rectifier diode is reverse biased, it has a very small reverse leakage current. 
The same is true for a photo-diode. The reverse current is produced by thermally generated electron- 
hole pairs which are swept across the junction by the electric field created by the reverse voltage. In 
a rectifier diode, the reverse current increases with temperature due to an increase in the number of 
electron-hole pairs. A photo-diode differs from a rectifier diode in that when its pn junction is ex- 
posed to light, the reverse current increases with the increase in light intensity and vice-versa. This 
is explained as follows. When light (photons) falls on the **pn junction, the energy is imparted by 
the photons to the atoms in the junction. This will create more free electrons (and more holes). These 
additional free electrons will increase the reverse current. As the intensity of light incident on the pn 
junction increases, the reverse current also increases. In other words, as the incident light intensity 
increases, the resistance of the device (photo-diode) ***decreases. 


Photo-diode package. Fig. 7.10 (i) shows a typical photo-diode package. It consists of a pn 
junction mounted on an insulated substrate and sealed inside a metal case. A glass window is mounted 
on top of the case to allow light to enter and strike the pn junction. The two leads extending from the 
case are labelled anode and cathode. The cathode is typically identified by a tab extending from the 
side of the case. 


WINDOW 


CATHODE 


ANODE 


(7) (11) 
Fig. 7.10 
Fig. 7.10 (ii) shows the schematic symbol of a photo-diode. The inward arrows represent the 


* Also available is the common-cathode type where all cathodes are connected together. 


** This is true only if the light energy is applied at the junction. If it is applied to the crystal at some distance 
from the junction, the free electrons and holes will recombine (thus neutralising each other) before they 
can join the flow of reverse current. 

“© — Tt is for this reason that semiconductor devices such as diodes and transistors are usually enclosed in 
opaque case to protect them from light. Those diodes or transistors which are used for light-detecting, on 
the other hand, must be encased in transparent plastic or glass so that light may fall on them. 
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7.8 Photo-diode Operation i 


Fig. 7.11 shows the basic photo-diode circuit. The circuit has reverse- 
biased photo-diode, resistor R and d.c. supply. The operation of the photo- 
diode is as under : 


(i) When no light is incident on the pn junction of photo-diode, the 
reverse current /, is extremely small. This is called dark current. 


The resistance of photo-diode with no incident light is called dark 
resistance (Rp). 


V 
Dark resistance of photo-diode, Rp = ae aa Fis. 7.11 
ig. 7. 


(ii) When light is incident on the pn junction of the photo-diode, there 
is a transfer of energy from the incident light (photons) to the atoms in the junction. This will create 
more free electrons (and more holes). These additional free electrons will increase the reverse 
current. 


(iii) As the intensity of light increases, the reverse cur- 
rent /p goes on increasing till it becomes maximum. This is 
called saturation current. 


7.9 Characteristics of Photo-diode 


There are two important characteristics of photo- 
diode. 


(1) Reverse current-Illumination curve. 
Fig. 7.12 shows the graph between reverse current (/,) and 
illumination (EZ) of a photo-diode. The reverse current is 
shown on the vertical axis and is measured in WA. The illu- 
mination is indicated on the horizontal axis and is measured 
in mW/cm’. Note that graph is a straight line passing through the origin. 

’ Ip = mE 
where m = Slope of the straight line 


Calibrated Photo-Diode 


The quantity m is called the sensitivity of the photo-diode. 


Ip (HA) tp (HA) 


E = 600 lux 
E = 400 lux 


E = 200 lux 


Dark 
A current 


E mW 
3 10 cnr 5 Vp (Volts) 


Fig. 7.12 Fig. 7.13 


| 
| 
l 


(ii) Reverse voltage-Reverse current curve. Fig. 7.13 shows the graph between reverse cur- 
rent (Ip) and reverse voltage (V,) for various illumination levels. It is clear that for a given 
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reverse-biased voltage V,, the reverse current /, increases as the illumination (£) on the pn junction 
of photo-diode is increased. 


7.10 Applications of Photo-diodes 


There are a large number of applications of photo- 
diodes. However, we shall give two applications of photo- 
diodes by way of illustration. eee 


(i) Alarm circuit using photo-diode. Fig. 7.14 
shows the use of photo-diode in an alarm system. Light 
from a light source is allowed to fall on a photo-diode = jqHT_, 
fitted in the doorway. The reverse current J, will con- SOURCE | 
tinue to flow so long as the light beam is not broken. If a 
person passes through the door, light beam is broken and 
the reverse current drops to the dark current level. Asa 
result, an alarm is sounded. 


PHOTO-DIODE 
DETECTOR 


Se) 


(1) Counter circuit using photo-diode. A photo- - 
diode may be used to count items on a conveyor belt. 
Fig. 7.15 shows a photo-diode circuit used in a system 
that counts objects as they pass by onaconveyor. In this 
circuit, a source of light sends a concentrated beam of 
light across a conveyor to a photo-diode. As the object passes, the light beam is broken, J, drops to 
the dark current level and the count is increased by one. 


Doorway 


Fig. 7.14 


LIGHT SOURCE 


PHOTO-DIODE 


COUNTER 


Fig. 7.15 


Example 7.3. From the reverse current-Illumination curve for a photo-diode shown in 
Fig. 7.16, determine the dark resistance. Assume a reverse-biased voltage of 10 V. 
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0 100 200 300 400 500 600 — [llumination 
(Lux) 
Fig. 7.16 

Solution. 

The current that flows when the incident light is removed from the photo-diode is called dark 
current. The resistance of a photo-diode corresponding to dark current is called dark resistance. 
From the curve shown in Fig. 7.16, it is clear that for zero illumination, the reverse current is 50 WA. 
50 wA=50x 10° A 
Reverse voltage, Vp = 10 V 
Ve ___10 
I, 50x10 
Example 7.4. A photo-diode is exposed to light with an illumination of 2.5 mW/em’. If the 


sensitivity of the photo-diode for the given conditions is 37.4 uA/mW/cm’, find the reverse current 
through the device. 


Dark current, I, 


Dark resistance, Rp = = 200 x 10° 2= 200 kQ 


Solution. 
Reverse current = Sensitivity x [/lumination 
mX E = 37.4 x 2.5 = 93.5 pA 


or Ip 


7.11 Optoisolator 


An optoisolator (also called optocoupler) is a device that uses light to couple a signal from its input 
(a photoemitter e.g., a LED) to its output (a photodetector e.g., a photo-diode). 

Fig. 7.17 shows a LED-photo diode optoisolator. The LED is on the left and the photo-diode 1s 
on the right. The arrangement shown in Fig. 7.17 is referred to as optocoupling because the output 
from the LED circuit is coupled via light to the photo-diode circuit. When the LED is energised, 
current flows through the LED. The light from the LED hits the photo diode and sets up a reverse 
current through resistor R,. The voltage across the photo-diode is given by : 

Vour = Vss—1 Ry 

The output voltage depends on how large the reverse current is. If we vary the LED supply, the 
amount of light changes and this causes the photo diode current to change. As aresult, V,,, changes. 
The key advantage of an optoisolator is the electrical isolation between the input and output circuits; 
the only contact between the input and output circuits is the stream of light. 
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Fig. 7.17 
7.12 Tunnel Diode 


A tunnel diode is a pn junction that exhibits negative resistance between two values of forward 
voltage (i.e., between peak-point voltage and valley-point voltage). 

A conventional diode exhibits *positive resistance when it is forward biased or reverse biased. 
However, if a semiconductor junction diode is heavily doped with impurities, it exhibits negative 
resistance (i.e. current decreases as the voltage is increased) in certain regions in the forward direc- 
tion. Such a diode is called tunnel diode. 


Theory. The tunnel diode is basically a pn junction with heavy doping of p-type and n-type 
semiconductor materials. In fact, a tunnel diode is doped approximately 1000 times as heavily as a 
conventional diode. This heavy doping results in a large number of majority carriers. Because of the 
large number of carriers, most are not used during the initial recombination that produces the deple- 
tion layer. As a result, the depletion layer is very narrow. In comparison with conventional diode, the 
depletion layer of a tunnel diode is 100 times narrower. The operation of a tunnel diode depends 
upon the tunneling effect and hence the name. 


Tunneling effect. The heavy doping provides a large number of majority carriers. Because of 
the large number of carriers, there is much drift activity in p and n sections. This causes many valence 
electrons to have their energy levels raised closer to the conduction region. Therefore, it takes only a 
very small applied forward voltage to cause conduction. 


The movement of valence electrons from the valence energy band to the conduction band with 
little or no applied forward voltage is called tunneling. Valence electrons seem to tunnel through 
the forbidden energy band. 


As the forward voltage is first increased, the diode current rises rapidly due to tunneling effect. 
Soon the tunneling effect 1s reduced and current flow starts to decrease as the forward voltage across 
the diode is increased. The tunnel diode is said to have entered the negative resistance region. As the 
voltage is further increased, the tunneling effect plays less and less part until a valley-point is reached. 
From now onwards, the tunnel diode behaves as ordinary diode i.e., diode current increases with the 
increase in forward voltage. 


V-I Characteristic. Fig. 7.18 ({) shows the V-I characteristic of a typical tunnel diode. 


(i) As the forward voltage across the tunnel diode is increased from zero, electrons from the n- 
region “tunnel” through the potential barrier to the p-region. As the forward voltage increases, the 
diode current also increases until the peak-point P is reached. The diode current has now reached 
peak current J, (= 2.2 mA) at about peak-point voltage V, (= 0.07 V). Until now the diode has 
exhibited positive resistance. 


(ii) As the voltage is increased beyond V,, the tunneling action starts decreasing and the diode 
current decreases as the forward voltage is increased until valley-point V is reached at valley-point 
voltage V,,(=0.7V). In the region between peak-point and valley-point (i.e., between points P and 

If current flowing through a circuit or device increases as the applied voltage is increased, we say that the 
circuit or device has positive resistance. 
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V), the diode exhibits negative resistance i.e., as the forward bias is increased, the current decreases. 
This suggests that tunnel diode, when operated in the negative resistance region, can be used as an 
oscillator or a switch. 


I (mA) 


Ip=2.2mA4-+++ NEGATIVE 
7 RESISTANCE 
REGION 


V 
Iy=0.3mA—-f----- tenes 


3 Vy 

0.7V 

(i) (ii) 
Fig. 7.18 


- Vp 


0 0.07V nivel) 


(iit) When forward bias is increased beyond valley-point voltage V, (= 0.7 V), the tunnel diode 
behaves as anormal diode. In other words, from point V onwards, the diode current increases with 
the increase in forward voltage i.e., the diode exhibits positive resistance once again. Fig. 7.18. (ti) 
shows the symbol of tunnel diode. It may be noted that a tunnel diode has a high reverse current but 
operation under this condition is not generally used. 


7.13 Tunnel Diode Oscillator 


A tunnel diode is always operated in the negative resistance region. When operated in this re- 
gion, it works very well in an oscillator. Fig. 7.19 (i) shows a parallel resonant circuit. Note that R, 
is the parallel equivalent of the series winding resistance of the coil. When the tank circuit is set into 
oscillations by applying voltage as shown in Fig. 7.19. (ii), damped oscillations are produced. It is 
because energy is lost in the resistance R, of the tank circuit. 


(11) 


Fig. 7.19 


If a tunnel diode is placed in series with the tank circuit and biased at the centre of the negative- 
resistance portion of its characteristic as shown in Fig. 7.20, undamped oscillations are produced at 
the output. It is because the negative-resistance characteristic of the tunnel diode counteracts the 
positive-resistance characteristic of the tank circuit. 


The circuit shown in Fig. 7.20 is called tunnel diode oscillator or negative resistance oscillator. 
The negative resistance oscillator has one major drawback. While the circuit works very well at 
extreme high frequencies (upper mega hertz range), it cannot be used efficiently at low frequencies. 
Low-frequency oscillators generally use transistors. 
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oe 
7.14 Varactor Diode 


A junction diode which acts as a variable capacitor under changing reverse bias is known as a 
varactor diode. 


I 
R, D TANK F 


D, BIAS POINT 


V aus 


Fig. 7.20 


When a pn junction is formed, depletion layer is created in the junction area. Since there are no 
charge carriers within the depletion zone, the zone acts as an insulator. The p-type material with holes 
(considered positive) as majority carriers and n-type material with electrons (—ve charge) as majority 
carriers act as charged plates. Thus the diode may be considered as a capacitor with n-region and p- 
region forming oppositely charged plates and with depletion zone between them acting as a dielec- 
tric. This is illustrated in Fig. 7.21 (i). A varactor diode is specially constructed to have high capaci- 
tance under reverse bias. Fig. 7.21 (ii) shows the symbol of varactor diode. The values of capaci- 
tance of varactor diodes are in the picofarad Gio F) range. 


DEPLETION REGION 


LEAD LEAD 
— 
EFFECTIVE PLATE | EFFECTIVE PLATE 
EFFECTIVE DIELECTRIC 

(i) (ii) 
Fig. 7.21 


Theory. For normal operation, a varactor diode is always *reverse biased. The capacitance of 
varactor diode is found as : 


A 
Cy = © W, Cr (pF) 
where C, = Total capacitance of the junction 
€ = Permittivity of the semiconductor a0 
material 80 
A = Cross-sectional area of the junction ™ 
W, = Width of the depletion layer 


When reverse voltage across a varactor diode is 40 
increased, the width W_,of the depletion layer increases. 


Therefore, the total junction capacitance C, of the " 
junction decreases. On the other hand, if the reverse r is 10 g 0 
voltage across the diode is lowered, the width W,, of the 

depletion layer decreases. Consequently, the total junction Fig. 7.22 


capacitance C’, increases. 


A forward biased varactor diode would serve no useful purpose. 
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Fig. 7.22 shows the curve between reverse bias voltage 
V, across varactor diode and total junction capacitance C7. 
Note that C,.can be changed simply by changing the voltage 
V,. For this reason, a varactor diode is sometimes called 
voltage-controlled capacitor. 


+ Vs 


7.15 Application of Varactor Diode 


We have discussed that we can increase or decrease the junc- 
tion capacitance of varactor diode simply by changing the 
reverse bias on the diode. This makes a varactor diode ideal 
for use in circuits that require voltage-controlled tuning. Fig. 
7.23 shows the use of varactor diode in a tuned circuit. Note 
that the capacitance of the varactor is in parallel with the 
inductor. The varactor and the inductor form a parallel LC 
circuit. For normal operation, a varactor diode is always 
operated under reverse bias. In fact, this condition is met 
in the circuit shown in Fig. 7.23. The resistance R,, in the 
circuit is the winding resistance of the inductor. This winding resistance is in series with the potenti- 
ometer R,. Thus R, and R,, form a voltage divider that is used to determine the amount of reverse bias 
across the varactor diode D, and therefore its capacitance. By adjusting the setting of R,, we can vary 
the diode capacitance. This, in turn, varies the resonant frequency of the LC circuit. The resonant 
frequency f, of the LC circuit is given by; 


f _ 1 
7 2m LC 
If the amount of varactor reverse bias 1s decreased, the value of C of the varactor increases. The 


increase in C will cause the resonant frequency of the circuit to decrease. Thus, a decrease in reverse 
bias causes a decrease in resonant frequency and vice-versa. 


Example 7.5. The LC tank circuit shown in Fig. 7.23 has a 1 mH inductor. The varactor has 
capacitance of 100 pF when reverse bias is 5V d.c. Determine the resonant frequency of the circuit 
for this reverse bias. 

Solution. 


l 
Resonant frequency, f, = 
" — 2t/ LC 


Here, L= 1mH=1x10-H; C=100pF=100x107F 
1 


f =— = 503.3 x 10° Hz = 5503.3 KHz 
2nv/1 x10 «100x107? 
7.16 Shockley Diode 


Named after its inventor, a Shockley diode is a PNPN device having two terminals as shown in Fig. 
7.24 (i). This *device acts as a switch and consists of four alternate P-type and N-type layers in a 
single crystal. The various layers are labelled as P,, N,, P, and N, for identification. Since a 
P-region adjacent to an N-region may be considered a junction diode, the Shockley diode is equiva- 
lent to three junction diodes connected in series as shown in Fig. 7.24 (ii). The symbol of Shockley 
diode is shown in Fig. 7.24 (iii). 


Note that if we remove the gate terminal of an SCR, the resulting device is Shockley diode. 


138 @ Principles of Electronics 


ANODE 
D, 
D, ANODE a CATHODE 
SYMBOL 
D, 
CATHODE CATHODE 
(i) (ii) (iit) 
Fig. 7.24 


Working 


(1) When Shockley diode is forward biased (i.e., anode is positive w.r.t. cathode), diodes D, 
and D, would be forward-biased while diode D, would be reverse-biased. Since diode D, offers very 
high resistance (being reverse biased) and the three diodes are in series, the Shockley diode presents 
avery high resistance. As the *forward voltage increases, the reverse bias across D, is also increased. 
At some forward voltage (called breakover voltage Vz), reverse breakdown of D, occurs. Since this 
breakdown results in reduced resistance, the Shockley diode presents a very low resistance. From 
now onwards, the Shockley diode behaves as a conventional forward-biased diode; the forward cur- 
rent being determined by the applied voltage and external load resistance. This behaviour of Shockley 
diode is indicated on its V-/ characteristic in Fig. 7.25. 


REVERSE VOLTAGE 


O ’30 


FORWARD VOLTAGE 
—_W_ — 


REVERSE CURRENT\; FORWARD CURRENT 


Fig. 7.25 


(it) When Shockley diode is reverse biased (i.e., anode is negative w.rt. cathode), diodes D, and 
D, would be reverse-biased while diode D, would be forward-biased. If reverse voltage is increased 
sufficiently, the reverse voltage breakdown (point A in Fig. 7.25) of Shockley diode is reached. At 
this point, diodes D, and D, would go into reverse-voltage breakdown, the reverse current flowing 
Since D, and D, offer very low resistance (being forward biased), the entire applied voltage appears as 
reverse voltage across D,. 
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through them would rise rapidly and the heat produced by this current flow could ruin the entire 
device. For this reason, Shockley diode should never be operated with a reverse voltage sufficient to 
reach the reverse-voltage breakdown point. 


Conclusion. The above discussion reveals that Shockley diode behaves like a switch. So long 
as the forward voltage is less than breakover voltage, Shockley diode offers very high resistance (i.e., 
switch is open) and practically conducts no current. At voltages above the break-over value, Shockley 
diode presents a very low resistance (i.e. switch is closed) and Shockley diode conducts heavily. It 
may be noted that Shockley diode is also known as PNPN diode or four layer diode or reverse- 
blocking diode thyristor. 

Note. Once Shockley diode is turned ON (i.e., it starts conducting), the only way to turn it OFF 
is to reduce the applied voltage to such a value so that current flowing through Shockley diode drops 
below its holding current (I,,) value. Diode D, then comes out of its reverse-breakdown state and its 
high-resistance value is restored. This, in turn, causes the entire Shockley diode to revert to its high- 
resistance (switch open) state. 


MULTIPLE-CHOICE QUESTIONS 


1. Zener diodes are used primarily as 6. When the reverse voltage increases, the 
(i) amplifiers (ii) voltage regulators junction capacitance 
(iii) rectifiers (iv) oscillators (i) decreases (ii) stays the same 
2. A pn junction that radiates energy as light (iii) increases —_(iv)_ has more bandwidth 
instead of as heat is called a 7. The device associated with voltage-con- 
(i) LED (ii) photo-diode trolled capacitance is a 
(7) LED (ii) photo-diode 


(iii) photocell (iv) Zener diode ne 
(iii) varactor diode (iv) Zener diode 


8. The varactor is usually 
(1) forward-biased 
(ii) reverse-biased 
(iii) unbiased 
(iv) in the breakdown region 
9. When the light increases, the reverse 
current in a photo-diode 


3. The capacitance of a varactor diode in- 
creases when reverse voltage across it 


(i) decreases (ii) increases 
(iii) breaks down (iv) stores charge 


4. To display the digit 8 in a seven-segment 
indicator 


(i) C must be lighted 


(ii) G must be off (i) increases (ii) decreases 
(iii) F must be on (iii) is unaffected (iv) none of the above 
(iv) All segments must be lighted 10. To display the digit 0 in a seven segment 
5. A photo-diode is normally display 
(i) forward-biased (i) A must be lighted 
(ii) reverse-biased (i) F must be off 


(iii) G must be on 
(iv) all segments except G should be lighted 


(iii) Neither forward nor reverse biased 
(iv) Emitting light 


Answers to Multiple-Choice Questions 


(1) a ‘() 4. (iv) Se (tt) 
(lil) ~ (ti) ¥ (2) 10. (iv) 
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Chapter Review Topics 


1. What is a LED ? 
2. Explain the working of a LED. 
3. Give two applications of LEDs. 
4. Why do LEDs need series current-limiting resistors ? 
5. How does LED differ from an ordinary diode ? 
6. What is a photo-diode ? 
7. How does photo-diode work ? 
8. Give two applications of photo-diodes. 
9. What is an optoisolator ? 
10. What is a tunnel diode ? 
11. Explain the V-I characteristics of a tunnel diode. 
12. Explain the working of tunnel diode oscillator. 
13. What is a varactor diode ? 
14. Explain the working of varactor diode. 
15. Give one application of varactor diode. 
16. Explain the working of Shockley diode. 


Discussion Questions 


Why is LED not made of silicon or germanium ? 
Where do we use seven-segment display ? 

How do we protect LED from large reverse voltage ? 
How does photo-diode differ from an ordinary diode ? 
What is dark resistance of photo-diode ? 

What do you mean by the sensitivity of photo-diode ? 


What is the use of optoisolator ? 


Vs 
2. 
J. 
4. 
Ds 
6. 
Te 
8. 


How does the width of depletion layer change the capacitance of a varactor ? 
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Characteristics of Common Base 
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Connection 

Transistor Load Line Analysis 
Practical Way of Drawing CE 
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Performance of Transistor 
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Semiconductor Devices 
Numbering System 


Transistor Testing 
Transistors Versus Vacuum Tubes 


INTRODUCTION 


hen a third doped element is added to a crystal diode in such a way that two pn junctions 


W: formed, the resulting device is known as a transistor. The transistor—an entirely new 


type of electronic device—is capable of achieving amplification of weak signals in a 


fashion comparable and often superior to that realised by vacuum tubes. Transistors are far smaller 
than vacuum tubes, have no filament and hence need no heating power and may be operated in any 
position. They are mechanically strong, have practically unlimited life and can do some jobs better 
than vacuum tubes. 
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Invented in 1948 by J. Bardeen and W.H. Brattain of Bell Telephone Laboratories, U.S.A.; tran- 
sistor has now become the heart of most electronic applications. Though transistor 1s only slightly 
more than 58 years old, yet it 1s fast replacing vacuum tubes in almost all applications. In this chapter, 
we shall focus our attention on the various aspects of transistors and their increasing applications in 
the fast developing electronics industry. 


8.1 Transistor 
A transistor consists of two pn junctions formed by “sandwiching either p-type or n-type semicon- 
ductor between a pair of opposite types. Accordingly ; there are two types of transistors, namely; 
(i) n-p-n transistor (ii) p-n-p transistor 
An n-p-n transistor 1s composed of two n-type semiconductors separated by a thin section of p- 


type as shown in Fig. 8.1 (7). However, a p-n-p transistor 1s formed by two p-sections separated by a 
thin section of n-type as shown in Fig. 8.1 (ii). 


(7) 


Fig. 8.1 


In each type of transistor, the following points may be noted : 


(i) These are two pn junctions. Therefore, a transistor may be regarded as a combination of two 
diodes connected back to back. 


(ii) There are three terminals, one taken from each type of semiconductor. 


(iii) The middle section is a very thin layer. This is the most important factor in the function of a 
transistor. 


Origin of the name “Transistor”. When new 
devices are invented, scientists often try to de- 
vise a name that will appropriately describe the 
device. A transistor has two pn junctions. As 
discussed later, one junction is forward biased 
and the other is reverse biased. The forward 
biased junction has a low resistance path whereas 
a reverse biased junction has a high resistance 
path. The weak signal is introduced in the low 
resistance circuit and output is taken from the 
high resistance circuit. Therefore, a transistor 
transfers a signal from a low resistance to high 
resistance. The prefix ‘trans’ means the signal 
transfer property of the device while ‘istor’ classifies it as a solid element in the same general family 
with resistors. 


3 Collector 


1 Emitter 


* In practice, these three blocks p, n, p are grown out of the same crystal by adding corresponding impurities 
in turn. 
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8.2 Naming the Transistor Terminals 


A transistor (pnp or npn) has three sections of doped semiconductors. The section on one side is the 
emitter and the section on the opposite side is the co//ector. The middle section 1s called the base and 
forms two junctions between the emitter and collector. 


(i) Emitter. The section on one side that supplies charge carriers (electrons or holes) 1s 
called the emitter. The emitter is always forward biased w.r-t. base so that it can supply a 
large number of *majority carriers. In Fig. 8.2 (7), the emitter (p-type) of pnp transistor is forward 
biased and supplies hole charges to its junction with the base. Similarly, in Fig. 8.2 (ii), the 
emitter (n-type) of npn transistor has a forward bias and supplies free electrons to its junction with the 
base. 


(ii) Collector. The section on the other side that collects the charges 1s called the collector. The 
collector is always reverse biased. Its function is to remove charges from its junction with the base. 
In Fig. 8.2 (i), the collector (p-type) of pnp transistor has a reverse bias and receives hole charges that 
flow in the output circuit. Similarly, in Fig. 8.2 (i/), the collector (n-type) of npn transistor has reverse 
bias and receives electrons. 


BASE BASE 
EMITTER COLLECTOR EMITTER COLLECTOR 


FORWARD REVERSE FORWARD REVERSE 
BIAS BIAS BIAS BIAS 


(7) (ii) 
Fig. 8.2 
(iii) Base. The middle section which forms two pn-junctions between the emitter and collector 
is called the base. The base-emitter junction 1s forward biased, allowing low resistance for the emit- 


ter circuit. The base-collector junction is reverse biased and provides high resistance in the collector 
circuit. 


8.3 Some Facts about the Transistor 


Before discussing transistor action, it is important that the reader may keep in mind the following 
facts about the transistor : 


(i) The transistor has three regions, namely ; emitter, base and collector. The base is much 
thinner than the emitter while **collector 1s wider than both as shown in Fig. 8.3. However, for the 
sake of convenience, it is customary to show emitter and collector to be of equal size. 


(ii) The emitter is heavily doped so that it can inject a large number of charge carriers (electrons 
or holes) into the base. The base is lightly doped and very thin ; it passes most of the emitter injected 
charge carriers to the collector. The collector is moderately doped. 


* Holes if emitter is p-type and electrons if the emitter is n-type. 


** During transistor operation, much heat 1s produced at the collector junction. The collector is made larger 
to dissipate the heat. 
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BASE BASE 
EMITTER COLLECTOR EMITTER COLLECTOR 


(7) (ii) 
Fig. 8.3 
(iii) The transistor has two pn junctions i.e. it is like two diodes. The junction between emitter 


and base may be called emitter-base diode or simply the emitter diode. The junction between the 
base and collector may be called collector-base diode or simply collector diode. 


(iv) The emitter diode is always forward biased whereas collector diode is always reverse bi- 
ased. 

(v) The resistance of emitter diode (forward biased) is very small as compared to collector 
diode (reverse biased). Therefore, forward bias applied to the emitter diode is generally very small 
whereas reverse bias on the collector diode 1s much higher. 


8.4 Transistor Action 


The emitter-base junction of a transistor is forward biased whereas collector-base junction 1s reverse 
biased. If for amoment, we ignore the presence of emitter-base junction, then practically* no current 
would flow in the collector circuit because of the reverse bias. However, if the emitter-base junction 
is also present, then forward bias on it causes the emitter current to flow. It is seen that this emitter 
current almost entirely flows in the collector circuit. Therefore, the current in the collector circuit 
depends upon the emitter current. If the emitter current is zero, then collector current is nearly zero. 
However, if the emitter current is lmA, then collector current is also about 1mA. This is precisely 
what happens in a transistor. We shall now discuss this transistor action for npn and pnp transistors. 


(i) Working of npn transistor. Fig. 8.4 shows the npn transistor with forward bias to emitter- 
base junction and reverse bias to collector-base junction. The forward bias causes the electrons in the 
n-type emitter to flow towards the base. This constitutes the emitter current /,. As these electrons 
flow through the p-type base, they tend to combine with holes. As the base is lightly doped and very 
thin, therefore, only a few electrons (less than 5%) combine with holes to constitute base** current J,. 
The remainder (***more than 95%) cross over into the collector region to constitute collector current 
I. In this way, almost the entire emitter current flows in the collector circuit. It is clear that emitter 
current is the sum of collector and base currents i.e. 


Lp = Ipntle 


* Tn actual practice, a very little current (a few pA) would flow in the collector circuit. This is called 
collector cut off current and is due to minority carriers. 


** The electrons which combine with holes become valence electrons. Then as valence electrons, they flow 
down through holes and into the external base lead. This constitutes base current J,. 


** The reasons that most of the electrons from emitter continue their journey through the base to collector to 
form collector current are: (7) The base 1s lightly doped and very thin. Therefore, there are a few holes 
which find enough time to combine with electrons. (i7) The reverse bias on collector is quite high and 
exerts attractive forces on these electrons. 
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Basic connection of npn transistor 


(ii) Working of pnp transistor. Fig. 8.5 shows the basic connection of a pnp transistor. The 
forward bias causes the holes in the p-type emitter to flow towards the base. This constitutes the 
emitter current J,,. As these holes cross into n-type base, they tend to combine with the electrons. As 
the base is lightly doped and very thin, therefore, only a few holes (less than 5%) combine with the 


I 
Vcp 


Basic connection of pnp transistor 


electrons. The remainder (more than 95%) 
cross into the collector region to constitute 
collector current /.. In this way, almost the 
entire emitter current flows in the collector 
circuit. It may be noted that current con- 
duction within pnp transistor is by holes. 
However, in the external connecting wires, 
the current is still by electrons. 


Importance of transistor action. The 
input circuit (i.e. emitter-base junction) has 
low resistance because of forward bias 
whereas output circuit (i.e. collector-base 
junction) has high resistance due to reverse 
bias. As we have seen, the input emitter 


emitter base collector 


iV i 
EB Vo 
Conventional currents 


current almost entirely flows 1n the collector circuit. Therefore, a transistor transfers the input signal 
current from a low-resistance circuit to a high-resistance circuit. This is the key factor responsible for 
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the amplifying capability of the transistor. We shall discuss the amplifying property of transistor later 
in this chapter. 

Note. There are two basic transistor types : the bipolar junction transistor (5/7) and field- 
effect transistor (FET). As we shall see, these two transistor types differ in both their operating 
characteristics and their internal construction. Note that when we use the term transistor, it means 
bipolar junction transistor (6/7). The term comes from the fact that in a bipolar transistor, there are 
two types of charge carriers (viz. electrons and holes) that play part in conductions. Note that bi 
means two and polar refers to polarities. The field-effect transistor 1s simply referred to as FET. 


8.5 Transistor Symbols 


In the earlier diagrams, the transistors have been shown in diagrammatic form. However, for the sake 
of convenience, the transistors are represented by schematic diagrams. The symbols used for npn and 
pnp transistors are shown in Fig. 8.6. 


EMITTER 
(E) 


EMITTER 


COLLECTOR (C) (E) COLLECTOR (C) 


a 
BASE (B) BASE (B) 
(i) (ii) 
Fig. 8.6 

Note that emitter 1s shown by an arrow which indicates the direction of conventional current flow 
with forward bias. For npn connection, it 1s clear that conventional current flows out of the emitter as 
indicated by the outgoing arrow in Fig. 8.6 (7). Similarly, for pnp connection, the conventional current 
flows into the emitter as indicated by inward arrow in Fig. 8.6 (ii). 


8.6 Transistor Circuit as an l, 
Amplifier 
A transistor raises the strength of a weak signal 
and thus acts as an amplifier. Fig. 8.7 shows 
the basic circuit of a transistor amplifier. The SIGNAL 
weak signal is applied between emitter-base 
junction and output is taken across the load RK, 
connected in the collector circuit. In order to 
achieve faithful amplification, the 
input circuit should always remain forward 
biased. To do so, a d.c. voltage J7,,.1s applied 
in the input circuit in addition to the signal as Fig. 8.7 
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shown. This d.c. voltage is known as bias voltage and its magnitude 1s such that it always keeps the 
input circuit forward biased regardless of the polarity of the signal. 


As the input circuit has low resistance, therefore, a small change in signal voltage causes an 
appreciable change in emitter current. This causes almost the *same change in collector current due 
to transistor action. The collector current flowing through a high load resistance R,. produces a large 
voltage across it. Thus, a weak signal applied in the input circuit appears in the amplified form in the 
collector circuit. It is in this way that a transistor acts as an amplifier. 


Illustration. The action of 

rl ae SE “Ta transistor as an amplifier 
How Amplifiers Work can be made more illustrative 
if we consider typical circuit 
values. Suppose collector 
load resistance R, = 5 kQ. 
r | Let us further assume that a 
| change of 0.1 V in signal volt- 
i age produces a change of 1 
mA in emitter current. 

Obviously, the change in col- 
lector current would also be 
approximately 1 mA. This 
collector current flowing 


circuit carrying 
large electrical 
current 


circuit 

earring amplifier through collector load R, 

small ented Aa would produce a voltage = 

electrical Sone aon 5kQx1mA=5V. Thus,a 

papal Bier change of 0.1 V in the signal 
— : as = has caused a change of 5 V 


in the output circuit. In other words, the transistor has been able to raise the voltage level of the signal 
from 0.1 V to 5 Vi.e. voltage amplification is 50. 


Example 8.1. 4 common base transistor amplifier has an input resistance of 20 Q and output 
resistance of 100 k&2. The collector load is 1 kQ. Ifa signal of 500 mV is applied between emitter and 
base, find the voltage amplification. Assume , to be nearly one. 


Solution. **Fig. 8.8 shows the conditions of the problem. Note that output resistance is very 
high as compared to input resistance. This is not surprising because input junction (base to emitter) 
of the transistor is forward biased while the output junction (base to collector) 1s reverse biased. 

Pp Nl Pp 


= 100 kQ 


out 


* The reason is as follows. The collector-base junction is reverse biased and has a very high resistance of the 
order of mega ohms. Thus collector-base voltage has little effect on the collector current. This means that 
a large resistance R,.can be inserted in series with collector without disturbing the collector current relation 
to the emitter current viz. 1. = Ol, + Iago. Therefore, collector current variations caused by a small base- 
emitter voltage fluctuations result in voltage changes in RK, that are quite high—often hundreds of times 
larger than the emitter-base voltage. 


** The d.c. biasing is omitted in the figure because our interest 1s limited to amplification. 
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Input current, J, = “ene = — ~~ 
25 mA. in 


Output voltage, V7, = [¢Re = 25mAX1kQ = 25V 
en _ _25V 

signal 500mV 

Comments. The reader may note that basic amplifying action 1s produced by transferring a 

current from a /ow-resistance to a high-resistance circuit. Consequently, the name transistor 1s given 


to the device by combining the two terms given in magenta letters below : 


= 25 mA. Since o,. 1s nearly 1, output current, J. = J, = 


= 50 


Voltage amplification, A, = 


Transfer + Resistor —— Transistor 


8.7 Transistor Connections 


There are three leads in a transistor viz., emitter, base and collector terminals. However, when a 
transistor is to be connected in a circuit, we require four terminals; two for the input and two for the 
output. This difficulty 1s overcome by making one terminal of the transistor common to both input 
and output terminals. The input is fed between this common terminal and one of the other two 
terminals. The output is obtained between the common terminal and the remaining terminal. Accord- 
ingly; a transistor can be connected in a circuit in the following three ways : 


(i) common base connection (ii) common emitter connection 
(iii) common collector connection 


Each circuit connection has specific advantages and disadvantages. It may be noted here that 
regardless of circuit connection, the emitter 1s always biased in the forward direction, while the col- 
lector always has a reverse bias. 


8.8 Common Base Connection 

In this circuit arrangement, input is applied between emitter and base and output is taken from collec- 
tor and base. Here, base of the transistor 1s common to both input and output circuits and hence the 
name common base connection. In Fig. 8.9 (i), a common base npn transistor circuit 1s shown whereas 
Fig. 8.9 (ii) shows the common base pnp transistor circuit. 


Ik Ic Ir; Ic 


—, 


SIGNAL OUTPUT SIGNAL OUTPUT 


\}«— 


Fig. 8.9 


1. Current amplification factor (). It is the ratio of output current to input current. In a 
common base connection, the input current 1s the emitter current /,, and output current is the collector 
current J... 


The ratio of change in collector current to the change in emitter current at constant collector- 
base voltage V4, is known as current amplification factor i.e. 
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Al 
*o = — at constant J’., Fo OPER 


E G 
It is clear that current amplification factor is less than **unity. ‘x 
This value can be increased (but not more than unity) by decreasing 
the base current. This is achieved by making the base thin and 
doping it lightly. Practical values of in commercial transistors 


range from 0.9 to 0.99. ° 


2. Expression for collector current. The whole of emitter Fig. 8.10 
current does not reach the collector. It is because a small percent- 
age of it, as a result of electron-hole combinations occurring in base area, gives rise to base current. 
Moreover, as the collector-base junction is reverse biased, therefore, some leakage current flows due 
to minority carriers. It follows, therefore, that total collector current consists of : 


(«) That part of emitter current which reaches the collector terminal i.e. ***a J, 


(ti) The leakage current J, ee This current is due to the movement of minority carriers across 


base-collector junction on account of it being reverse biased. This is generally much smaller than 


oT, 


Total collector current, J. = Q1, + I ease 
It is clear that if J, = 0 (.e., emitter circuit is open), a small leakage current still flows in the 


collector circuit. This J,,.,, we is abbreviated as /.,5, meaning collector-base current with emitter 


open. The J.,, 1s indicated in Fig. 8.10. 


Le Ola rd ox ... (A) 
Now L= Tavis 
le = @Uat1s) Floss 
or [7 -@) = Qlyt+Tlogo 
= Ol lcBo . 
or La i-o gr ion .. (li) 


Relation (i) or (i) can be used to find /.. Itis further clear from these relations that the collector 
current of a transistor can be controlled by either the emitter or base current. 

Fig. 8.11 shows the concept of J.,,. In CB configuration, a small collector current flows even 
when the emitter current is zero. This 1s the leakage collector current (i.e. the collector current when 
emitter 1s open) and is denoted by /.,5. When the emitter voltage I’, is also applied, the various 
currents are as shown in Fig. 8.11 (ii). 


Note. Owing to improved construction techniques, the magnitude of J.,, for general-purpose and low-powered 
transistors (especially silicon transistors) is usually very small and may be neglected in calculations. However, 
for high power applications, it will appear in microampere range. Further, /.,, 18 very much temperature 
dependent; it increases rapidly with the increase in temperature. Therefore, at higher temperatures, /.,, plays 
an important role and must be taken care of in calculations. 


a a a a a ee ee er a a ee a ee ee a a a, a oe ee 


* — Ifonly d.c. values are considered, then & = ./,. 


** At first sight, it might seem that since there 1s no current gain, no voltage or power amplification could be 
possible with this arrangement. However, it may be recalled that output circuit resistance 1s much higher 
than the input circuit resistance. Therefore, it does give rise to voltage and power gain. 


kK = C . 
Ol > ee Ie al, 


ly 


In other words, « J,, part of emitter current reaches the collector terminal. 
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EMITTER OPEN 


| = "ec 7 KCC 
| 
(i) (ii) 
Fig. 8.11 
Example 8.2. [n a common base connection, I, = 1mA, 1. = 0.95mA. Calculate the value of I. 
Solution. Using the relation, Tee =. Ted a 
or lL = i270) 


I, = 1-0.95 = 0.05mA 


Example 8.3. [n a common base connection, current amplification factor is 0.9. If the emitter 
current is ImA, determine the value of base current. 


Solution. Here, a = 0.9, J, = 1mA 
Io 
Now a = i 
or Io = Q1, = 09x11 =0.9mA 
Also Ty = Inte 


Base current, J, = J,-Io = 1-0.9 = 0.1 mA 


Example 8.4. /n a common base connection, I. = 0.95 mA and I, = 0.05 mA. Find the value 


of O. 
Solution. We know J, = IptIo = 0.05+0.95 = 1mA 
I 
Current amplification factor, @ = 7 = a2 = 0.95 
E 


Example 8.5. [n a common base connection, the emitter current is lmA. Ifthe emitter circuit is 
open, the collector current is 50 uA. Find the total collector current. Given that a = 0.92. 


Solution. Here, /, = ImA,a = 0.92, Logo = SOWA 
Total collector current, J. = Ol,+lagg = 0.92 x 1+50x lo 


0.92 + 0.05 = 0.97 mA 


Example 8.6. [n acommon base connection, a = 0.95. The voltage drop across 2 kQ resistance 
which is connected in the collector is 2V: Find the base current. 


Solution. Fig. 8.12 shows the required common base connection. The voltage drop across KR, (= 
2 kQ) 1s 2V. 

“ Io = 2V/2kQ = 1mA 
Now Oo. =1/1, 
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fete =) sak 
Oo 0.95 
Using the relation, J, = Ip+I. 
Ly = dda = 1051 
= 0.05mA 


Example 8.7. For the common base circuit shown in 
Fig. 8.13, determine I, and Vap. Assume the transistor to 
be of silicon. 


Solution. Since the transistor is of silicon, I,,,= 0.7 V. 
Applying Kirchhoff’s voltage law to the emitter-side loop, 
we get, 


Vag le Ret Ve 
ae if fae Vow —!) pr 
E Ry 
1.5kQ ) 


T,el, = 487mA 
Applying Kirchhoff’s voltage law 
to the collector-side loop, we have, 
Veo = IeRot Veg 


Vee = Veo -IoRe 
=18 V-—4.87 mAx 1.2 kQ = 12.16 V 


8.9 Characteristics of Common Base Connection 


The complete electrical behaviour of a transistor can be described by stating the interrelation of the 
various currents and voltages. These relationships can be conveniently displayed graphically and the 
curves thus obtained are known as the characteristics of transistor. The most important characteristics 
of common base connection are input characteristics and output characteristics. 


1. Input characteristic. It 1s the curve between emitter current /, and emitter-base voltage 
lwp at constant collector-base voltage I’.,. The 
emitter current is generally taken along y-axis 
and emitter-base voltage along x-axis. Fig. 8.14 
shows the input characteristics of a typical tran- 
sistor in CB arrangement . The following points 
may be noted from these characteristics : 


I, (mA) 


(‘) The emitter current /,,increases rapidly 
with small increase in emitter-base voltage I 7p. 
It means that input resistance is very small. 


(i) The emitter current is almost 
independent of collector-base voltage I’.,. This 
leads to the conclusion that emitter current (and 
hence collector current) 1s almost independent 
of collector voltage. 


Input resistance. It is the ratio of change EMITTER-BASE VOLTAGE 
in emitter-base voltage (AI’,,) to the resultin 
ge (AT rp) e Fig. 8.14 


EMITTER CURRENT 


Vip (mV) 
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change in emitter current (A/,,) at constant collector-base voltage (I,,) i.e. 


BE 
Al; 
In fact, input resistance is the opposition offered to the signal current. As a very small J’, 1s 
sufficient to produce a large flow of emitter current /,,, therefore, input resistance is quite small, of the 


order of a few ohms. 


Input resistance, r, = at constant Tu, 


2. Output characteristic. [tis the curve between collector current /. and collector-base volt- 
age I’., at *constant emitter current /,. Generally, collector current is taken along y-axis and collec- 
tor-base voltage along x-axis. Fig. 8.15 shows the output characteristics of a typical transistor in CB 
arrangement. 


The following points may be noted 
from the characteristics : Ic (mA) 


(1) The collector current J. varies 
with I’., only at very low voltages (<1V). 
The transistor is never operated 1n this re- 
gion. 


(ti) When the value of J’, 1s raised 
above 1 — 2 V, the collector current be- 
comes constant as indicated by straight 
horizontal curves. It means that now J,1s 
independent of J’., and depends upon J, 
only. This is consistent with the theory that 
the emitter current flows a/most entirely to 
the collector terminal. The transistor is 


COLLECTOR CURRENT 


Vcp (VOLTS) 


0 COLLECTOR-BASE VOLTAGE 


always operated in this region. Fig. 8.15 


(iii) A very large change in collector-base voltage produces only a tiny change in collector cur- 
rent. This means that output resistance 1s very high. 


Output resistance. It is the ratio of change in collector-base voltage (AJ’.,,) to the resulting 
change in collector current (A/,,) at constant emitter current i.e. 


Meg 


Output resistance,r, = at constant J, 


C 
The output resistance of CB circuit is very high, of the order of several tens of kilo-ohms. This 1s 
not surprising because the collector current changes very slightly with the change in J Gp. 


8.10 Common Emitter Connection 


In this circuit arrangement, input is applied between base and emitter and output is taken from the 
collector and emitter. Here, emitter of the transistor is common to both input and output circuits and 
hence the name common emitter connection. Fig. 8.16 (@@) shows common emitter npn transistor 
circuit whereas Fig. 8.16 (i) shows common emitter pnp transistor circuit. 


* I, has to be kept constant because any change in/,, will produce corresponding change in/,.. Here, we are 
interested to see how V’.., influences J... 
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a Ic 


SIGNAL 


(7) (ii) 
Fig. 8.16 
1. Base current amplification factor (B). In common emitter connection, input current 1s /, 
and output current is J... 
The ratio of change in collector current (AI.) to the change in base current (AI) is known as 
base current amplification factor i.e. 


In almost any transistor, less than 5% of emitter current flows as the base current. Therefore, the 
value of B is generally greater than 20. Usually, its value ranges from 20 to 500. This type of 
connection is frequently used as it gives appreciable current gain as well as voltage gain. 


Relation between B and a. A simple relation exists between B and «. This can be derived as 


follows : 
Al. 
B = Al, ...(i) 
Al 
a = Al, (ii) 
Now Iz =1p + Io 
or Al, = Al, + Ala 
or Al, = Al,— Ala 
Substituting the value of A J, in exp. (7), we get, 
= Al = 
B= MM, - Ale ... (iii) 
Dividing the numerator and denominator of R.H.S. of exp. (i) by Al, we get, 
B = Alo / Al _ _o E a= Fe | 
Al, Ale ~ 1-0 Als 
E E 
OL 
B= Tra 


It is clear that as a approaches unity, B approaches infinity. In other words, the current gain in 
common emitter connection is very high. It 1s due to this reason that this circuit arrangement is used 
in about 90 to 95 percent of all transistor applications. 


* Ifd.c. values are considered, B = [./Ip. 
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2. Expression for collector current. In common emitter circuit, /, 1s the input current and J, 
is the output current. 


We know J, = Ipt+Io ... (2) 
and ia = C1115, ... i) 
From exp. (ii), we get, le = Olevia. = Osh ia) Ti aes 
or Ipd-a) = alptTlogo 
7 o 1 _. 
Si I, = ia I, + = 1 .. (lil) 


From exp. (iii), 1t 1s apparent that if J, = 0 (i.e. base circuit is open), the collector current will be 
the current to the emitter. This is abbreviated as J.,5, meaning collector-emitter current with base open. 


] 
longo = = LeBo 


Substituting the value of —— Lopo = lego im exp. (iii), we get, 


or 
le = 7-018 + logo 


QR _o 
or Io = Bl, + Iono (8 = 72) 


Concept of I, 5- In CE configuration, a small collector current flows even when the base 
current is zero [See Fig. 8.17 (Z)]. This is the collector cut off current (i.e. the collector current that 
flows when base is open) and is denoted by Juno. The value of Ja,9 1s much larger than J.,,. 


IcEo B lp+Icro 


V = —— 
3 OPEN lero T CC T Vox 1+ Wet Poe 7 CC 
(7) (ii) 
Fig. 8.17 
When the base voltage 1s applied as shown in Fig. 8.17 (ii), then the various currents are : 
Base current = I, 
Collector current = BIJ, + Jano 
Emitter current = Collector current + Base current 
= (Ble t+Iono) tly = (B+ 1) Le + Leno 

It may be noted here that : 

logo = —— logo = (B+ 1) Logo E ma = B+ 1 


8.11. Measurement of Leakage Current 


A very small leakage current flows in all transistor circuits. However, in most cases, it 1s quite small 
and can be neglected. 
(i) Circuit for I, test. Fig. 8.18 shows the circuit for measuring /.,,5. Since base is open 
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(I, = 0), the transistor is in cut off. Ideally, J. = 0 but actually there is a small current from collector to 
emitter due to minority carriers. It is called [4,5 (collector-to-emitter current with base open). This 
current is usually in the nA range for silicon. A faulty transistor will often have excessive leakage 
current. 


Ps 
CEO LcBo 


Fig. 8.18 Fig. 8.19 


(i) Circuit for I.p, test. Fig. 8.19 shows the circuit for measuring /.,,. Since the emitter is 
open (/,,= 0), there is a small current from collector to base. This is called /.,, (collector-to-base 
current with emitter open). This current is due to the movement of minority carriers across base- 
collector junction. The value of J.,, 1s also small. If in measurement, J.2, 18 excessive, then there is 
a possibility that collector-base is shorted. 


Example 8.8. Find the value of Bif (i) a = 0.9 (ii) a = 0.98 (iii) a = 0.99. 
Oo 0.9 


Solution. (i = —% = 9 
olution. (i) B a 05 
. OL 0.98 | 
= = = 49 
(11) P -a  1-0.98 
- _ a _ 099 _ 
(tit) B= Ta 1-099 ~” 


Example 8.9. Calculate I,, in a transistor for which B = 50 and I, = 20 pA. 
Solution. Here B 50, J, = 20pA = 0.02 mA 


Now B 


I, = Blp = 500.02 = 1mA 
Using the relation, J, = I,+I, = 0.02+1 = 1.02mA 


Example 8.10. Find the a rating of the transistor shown in 
Fig. 8.20. Hence determine the value of I. using both a and B 
rating of the transistor. 


Solution. Fig. 8.20 shows the conditions of the problem. I, = 240 pA 


- B_ _ _49 = go 
1+B 1449 


The value of J, can be found by using either « or B rating as 
under : 


B=49 


[,=12mA 


al, = 0.98(12mA) = 11.76 mA 
Also I, = BI, = 49(240 pA) = 11.76 mA Fig. 8.20 
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Example 8.11. For a transistor, B = 45 and voltage 
drop across 1kQ which is connected in the collector circuit 
is 1 volt. Find the base current for common emitter connec- 
tion. 


Solution. Fig. 8.21 shows the required common emit- 
ter connection. The voltage drop across R,, (= 1 kQ) 1s I volt. 


LV 
Le = Tho ~imA 
I 
Now B= 
I; 
I, = '¢ = + = 0022mA 
B 45 


Example 8.12. A transistor is connected in com- 
mon emitter (CE) configuration in which collector sup- 
ply is 8V and the voltage drop across resistance RK. 
connected in the collector circuit is 0.51: The value of 
Ra = 800 Q. Ifa = 0.96, determine : 

(i) collector-emitter voltage 
(ii) base current 

Solution. Fig. 8.22 shows the required common 
emitter connection with various values. 

(@@) Collector-emitter voltage, 

Vor = Vee —05 = 8-05 = 7T5V 

(ii) The voltage drop across R, (= 800 Q ) 1s 0.5 V. 


1, = 22% ~ 3 ma= 0.625 mA 
8002 8 
0.96 
N = % __V* -=.% 
— PT * 1-096 


Base current, /, = ae — 0.625 0.026 mA 


Example 8.13. Ann-p-n transistor at room temperature has its emitter disconnected. A voltage 
of Vis applied between collector and base. With collector positive, a current of 0.2 nA flows. When 
the base is disconnected and the same voltage is applied between collector and emitter, the current is 
found to be 20 uA. Find a, I,, and I, when collector current is ImA. 


E B C 


uf CBO uf CEO 


Fig. 8.23 
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Solution. When the emitter circuit 1s open [See Fig. 8.23 (4)], the collector-base junction 1s 
reverse biased. A small leakage current /.,, flows due to minority carriers. 


Logo = 0.2 HA ... given 
When base is open [See Fig. 8.23 (ii)], a small leakage current [.,, flows due to minority carriers. 
leno = 20 pA ... given 
loBo 
We know Taps io io 
or 20 = 02 
l-a 
a = 0.99 
Now Lo = Olpttlopo 
Here Io = ImA = 1000 pA; & = 0.99; lag, = 0.2 UA 
1000 = 0.99xJ,+0.2 
1000 — 0.2 
or I, = ——— = 1010 pA 
i 0.99 7 
and Ip = In-Ig = 1010-1000 = 10 pA 


Example 8.14. The collector leakage current in a transistor is 300 UA inCE arrangement. Ifnow 
the transistor is connected in CB arrangement, what will be the leakage current? Given that B = 120. 


Solution. longo = 300 UA 
= _ 6B _ 120 _ 
B 120). 10 B+1 120+1 0.992 
logo 
Now, leno = i236 


lego = A -&) Logg = C1 - 0.992) x 300 = 2.4 pA 
Note that leakage current in CE arrangement (i.e. J.,9) 1s much more than in CB arrangement 
(7.2. Lope). 
Example 8.15. For a certain transistor, I, = 20 UA; I, = 2 mA and B = 80. Calculate Tazo. 


Solution. 
Io = Ble +Icxo 
or 2 = 80x 0.02+ Ion, 
lang = 2-80 0.02 =0.4mA 
B — g0 
Now = B+1 8041 = 0.988 


lego = A-) Legg = C1 — 0.988) x 0.4 = 0.0048 mA 
Example 8.16. Using diagrams, explain the correctness of the relation Ion = (B+ LD) Iego- 


Solution. The leakage current /..,, 1s the current that flows through the base-collector junction 
when emitter is open as shown 1s Fig. 8.24. When the transistor 1s in CE arrangement, the *base 
current (i.e. 2,5) 18 multiplied by B in the collector as shown in Fig. 8.25. 


ceo = Lego t Blogo = (B+ D Lego 


* The current J, 1s amplified because it is forced to flow across the base-emitter junction. 
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(B+1) Icgo 


cBoF 


EMITTER 
OPEN 


il 


Voc 
Fig. 8.24 Fig. 8.25 


BASE 
OPEN 


ll 
Voc 


Example 8.17 Determine V., in the transistor * circuit shown in Fig. 8.26 (i). The transistor is 
of silicon and has B = 150. 


(ii) 


Fig. 8.26 


Solution. Fig. 8.26 (7) shows the transistor circuit while Fig. 8.26 (ii) shows the various currents 
and voltages along with polarities. 
Applying Kirchhoff’s voltage law to base-emitter loop, we have, 
V pp tp Rg—! p= 0 


Vee, BVO 


or lp = R, 10kQ.. > 430 vA 
Io = Blp = (150)(430 WA) = 64.5 mA 
Now Vom = Voo-leRe 
= 10V —- (64.5 mA) (100Q) = 10V - 6.45V = 3.55V 
We know that: Von = VoptV pn 
Voge = Vor —Vep = 3.55 —0.7 =2.85V 


Example 8.18. Jn a transistor, 1; = 68 UA, I, = 30 mA and B = 440. Determine the a rating of 
the transistor. Then determine the value of I, using both the a rating and B rating of the transistor. 


Solution. 


B _ 440 
B+1 440+1 


* The resistor R, controls the base current J, and hence collector current J. ( = BI,). If Rz is increased, the 
base current (/,) decreases and hence collector current .) will decrease and vice-versa. 


= 0.9977 
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Io = &1,= (0.9977) (30 mA) = 29.93 mA 
Also Io = BI, = (440) (68 WA) = 29.93 mA 


Example 8.19. A transistor has the following ratings : I, ia 
Determine the maximum allowable value of I, for the device. 


= 500 mA and B.,,,. = 300. 


Solution. 


Le (macy _ 500 mA 
!5 (ma) ~ “B30 
For this transistor, if the base current is allowed to exceed 1.67 mA, the collector current will 
exceed its maximum rating of 500 mA and the transistor will probably be destroyed. 


=1.67mA 


Example 8.20. Fig. 8.27 shows the open circuit failures in a transistor. What will be the circuit 
behaviour in each case ? 
+12V +12V +12V 
+12V | +12V 


(i) (ii) (ii) 
Fig. 8.27 


Solution. *Fig 8.27 shows the open circuit failures in a transistor. We shall discuss the circuit 
behaviour in each case. 


(i) Open emitter. Fig. 8.27 (7) shows an open emitter failure in a transistor. Since the collector 
diode is not forward biased, it is OF F and there can be neither collector current nor base current. 
Therefore, there will be no voltage drops across either resistor and the voltage at the base and at the 
collector leads of the transistor will be 12V. 


(ii) Open-base. Fig. 8.27 (ii) shows an open base failure in a transistor. Since the base is open, 
there can be no base current so that the transistor 1s in cut-off. Therefore, all the transistor currents are 
OA. In this case, the base and collector voltages will both be at 12V. 

Note. It may be noted that an open failure at either the base or emitter will produce similar 
results. 

(iii) Open collector. Fig. 8.27 (iii) shows an open collector failure in a transistor. In this case, 
the emitter diode 1s still ON, so we expect to see 0.7 V at the base. However, we will see 12V at the 
collector because there is no collector current. 


Example 8.21. Fig. 8.28 shows the short circuit failures in a transistor. What will be the circuit 
behaviour in each case ? 


* The collector resistor R..controls the collector voltage V’.(= V..—I.R,). When R, increases, }’. decreases 
and vice-versa. 
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+12V 


(ii) (iii) 
Fig. 8.28 


Solution. Fig. 8.28 shows the short circuit failures in a transistor. We shall discuss the circuit 
behaviour in each case. 


(i) Collector-emitter short. Fig. 8.28 (i) shows a short between collector and emitter. The 
emitter diode is still forward biased, so we expect to see 0.7V at the base. Since the collector is 


shorted to the emitter, J’. = J7,= OV. 


(ii) Base -emitter short. Fig 8.28 (ii) shows a short between base and emitter. Since the base is 
now directly connected to ground, I’, = 0. Therefore, the current through R, will be diverted to 
ground and there is no current to forward bias the emitter diode. As a result, the transistor will be cut- 
off and there is no collector current. So we will expect the collector voltage to be 12V. 


(iii) Collector-base short. Fig. 8.28 (ii) shows a short between the collector and the base. In 
this case, the emitter diode 1s still forward biased so J’, = 0.7V. Now, however, because the collector 
is shorted to the base, I’. = J’, = 0.7V. 


Note. The collector-emitter short 1s probably the most common type of fault in a transistor. It is 
because the collector current (/,) and collector-emitter voltage (J’.,,) are responsible for the major 
part of the power dissipation in the transistor. As we shall see (See Art. 8.23), the power dissipation in 
a transistor is mainly due to J, and I, (i.e. Pp = Voy L.). Therefore, the transistor chip between the 
collector and the emitter is most likely to melt first. 


8.12 Characteristics of Common Emitter Connection 


The important characteristics of this circuit arrangement are the input characteristics and output 
characteristics. 
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1. Input characteristic. [tis the curve between base current I, and base-emitter voltage V",, 
at constant collector-emitter voltage Va, 


The input characteristics of a CE connection can be determined by the circuit shown in Fig. 8.29. 
Keeping }’.,, constant (say at 10 V), note the base current /, for various values of J’,,. Then plot the 
readings obtained on the graph, taking /, along y- 
axis and J’,,,along x-axis. This givesthe input char- J, (uA) 
acteristic at J’., = 10V as shown in Fig. 8.30. Fol- 
lowing a similar procedure, a family of input charac- 
teristics can be drawn. The following points may be 
noted from the characteristics : 


(i) The characteristic resembles that of a for- 
ward biased diode curve. This is expected since the 
base-emitter section of transistor is a diode and it is 
forward biased. 


(ii) As compared to CB arrangement, /, 
increases less rapidly with I’,,. Therefore, input 
resistance of a CE circuit is higher than that of CB 
circuit. 


V pp (VOLTS) 


Input resistance. It is the ratio of change in 
base-emitter voltage (AI’,,,) to the change in base Fig. 8.30 
current (A/,) at constant VG, i.e. 


r 


Input resistance, r, = a at constant I". 
B 
The value of input resistance for a CE circuit is of the order of a few hundred ohms. 
2. Output characteristic. /t is the curve between collector current I. and collector-emitter 


voltage J'.,,at constant base current I. 


The output characteristics of a CE circuit can be drawn with the help of the circuit shown 1n Fig. 
8.29. Keeping the base current J, fixed at some value say, 5 pA, note the collector current J, for 
various values of }’.,. Then plot the readings on a graph, taking J. along y-axis and J., along x-axis. 
This gives the output characteristic at J, = 5 uA as shown in Fig. 8.31 @). The test can be repeated for 
I, = 10 pA to obtain the new output characteristic as shown in Fig. 8.31 (7). Following similar 
procedure, a family of output characteristics can be drawn as shown mn Fig. 8.31 (iii). 


a 


Ic 


(iii) 


Fig. 8.31 


The following points may be noted from the characteristics: 


(«) The collector current J. varies with I’.,,for }’,,, between 0 and 1 V only. After this, collector 
current becomes a/most constant and independent of I’.,. This value of J’. upto which collector 
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current J, changes with J.,,1s called the knee voltage (J,_,,). The transistors are always operated in 
the region above knee voltage. 

(ti) Above knee voltage, /..1s almost constant. However, a small increase in J, with increasing 
Vag 18 caused by the collector depletion layer getting wider and capturing a few more majority carri- 
ers before electron-hole combinations occur in the base area. 


(ii) For any value of J.,, above knee voltage, the collector current J. is approximately equal to 
B x Ip. 
Output resistance. It is the ratio of change in collector-emitter voltage (AT”,,) to the change in 
collector current (A/..) at constant J, i.e. 


v, 


CE 


Output resistance, r, = at constant J, 


C 

It may be noted that whereas the output characteristics of CB circuit are horizontal, they have 

noticeable slope for the CE circuit. Therefore, the output resistance of a CE circuit is less than that of 
CB circuit. Its value is of the order of 50 kQ. 


8.13 Common Collector Connection 


In this circuit arrangement, input is applied between base and collector while output is taken between 
the emitter and collector. Here, collector of the transistor 1s common to both input and output circuits 
and hence the name common collector connection. Fig. 8.32 (7) shows common collector npn transis- 
tor circuit whereas Fig. 8.32 (ii) shows common collector pnp circuit. 


OUTPUT 


OUTPUT 


SIGNAL 


L, 


(i) (71) 
Fig. 8.32 
(i) Current amplification factor y. In common collector circuit, input current is the base 
current /, and output current is the emitter current J,. Therefore, current amplification in this circuit 
arrangement can be defined as under : 
The ratio of change in emitter current (Al, to the change in base current (Al,) is known as 
current amplification factor in common collector (CC) arrangement i.e. 


SIGNAL 


This circuit provides about the same current gain as the common emitter circuit as AJ, ~ AJ... 
However, its voltage gain is always less than 1. 


Relation between y and a 


(ii) 
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Now Lp = Inte 
or Al, = Alpt+Ala 
or Ais. = p= Ale 
Substituting the value of AJ, in exp. (Z), we get, 
y = — he 
Al, — Alo 
Dividing the numerator and denominator of R.H.S. by AJ, we get, 
Ale 
a Al ; __ 1 ¢ ro va 
Age boo Mle 
E E 
= 
y l-a 
(ii) Expression for collector current 
We know Le = O12 tips (See Art. 8.8) 
Also Te = Intle = Ip + (ALp+ Logo) 
LO): = dp izes 
I I 
7. 2 B_ 4 “CBO 
° = l-a 1-a 
or la 1 = (Br D1 +b li. 


(iii) Applications. The common collector circuit has very high input resistance (about 750 kQ) 
and very low output resistance (about 25 Q). Due to this reason, the voltage gain provided by this 
circuit 1s always less than 1. Therefore, this circuit arrangement is seldom used for amplification. 
However, due to relatively high input resistance and low output resistance, this circuit is primarily 
used for impedance matching i.e. for driving a low impedance load from a high impedance source. 


8.14 Comparison of Transistor Connections 


The comparison of various characteristics of the three connections is given below in the tabular 
form. 


Input resistance Low (about 100 Q) Low (about 750 Q) | Very high (about 
750 kQ) 


Output resistance | Very high (about High (about 45 kQ) |Low (about 50 Q) 
450 kQ) 


Voltage gain about 150 about 500 less than | 
Applications For high frequency For audio frequency |For impedance 


applications applications matching 


Current gain No (less than 1) High (B) Appreciable 
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(i) CB Circuit. The input resistance (r,) of CB circuit is low because J, is high. The output 
resistance (7) is high because of reverse voltage at the collector. It has no current gain (@ < 1) but 
voltage gain can be high. The CB circuit is seldom used. The only advantage of CB circuit is that it 
provides good stability against increase in temperature. 


(ii) CE Circuit. The input resistance (7,) of a CE circuit is high because of small /,. Therefore, 
r,for a CE circuit 1s much higher than that of CB circuit. The output resistance (7,,) of CE circuit is 
smaller than that of CB circuit. The current gain of CE circuit 1s large because J, is much larger than 
[,. The voltage gain of CE circuit is larger than that of CB circuit. The CE circuit is generally used 
because it has the best combination of voltage gain and current gain. The disadvantage of CE circuit 
is that the leakage current is amplified in the circuit, but bias stabilisation methods can be used. 


(ii) CC Circuit. The input resistance (v,) and output resistance (r,) of CC circuit are respec- 
tively high and low as compared to other circuits. There is no voltage gain (4, < 1) ina CC circuit. 
This circuit is often used for impedance matching. 


8.15 Commonly Used Transistor Connection 


Out of the three transistor connections, the common emitter circuit is the most efficient. It 1s used in 
about 90 to 95 per cent of all transistor applications. The main reasons for the widespread use of this 
circuit arrangement are : 


(‘) High current gain. In a common emitter connection, J, 1s the output current and J, 1s the 
input current. In this circuit arrangement, collector current 1s given by : 


Ip = BIg +Iono 
As the value of B is very large, therefore, the output current J. is much more than the input 
current /,. Hence, the current gain in CE arrangement is very high. It may range from 20 to 500. 


(ii) High voltage and power gain. Due to high current gain, the common emitter circuit has the 
highest voltage and power gain of three transistor connections. This 1s the major reason for using the 
transistor in this circuit arrangement. 


(iii) Moderate output to input impedance ratio. In a common emitter circuit, the ratio of 
output impedance to input impedance 1s small (about 50). This makes this circuit arrangement an 
ideal one for coupling between various transistor stages. However, in other connections, the ratio of 
output impedance to input impedance is very large and hence coupling becomes highly inefficient 
due to gross mismatching. 


8.16 Transistor as an Amplifier in CE Arrangement 


Fig. 8.33 shows the common emitter npn amplifier circuit. Note that a battery ’,,1s connected in the 
input circuit in addition to the signal voltage. This d.c. voltage 1s known as bias voltage and its 
magnitude 1s such that it always keeps the emitter-base junction forward *biased regardless of the 
polarity of the signal source. 

Operation. During the positive half-cycle of the **signal, the forward bias across the emitter-base 
junction is increased. Therefore, more electrons flow from the emitter to the collector via the base. 
This causes an increase in collector current. The increased collector current produces a greater 
voltage drop across the collector load resistance R,. However, during the negative half-cycle of the 


* If d.c. bias voltage is not provided, then during negative half-cycle of the signal, the emitter-base junction 
will be reverse biased. This will upset the transistor action. 


** ‘Throughout the book, we shall use sine wave signals because these are convenient for testing amplifiers. 
But it must be realised that signals (e.g. speech, music etc.) with which we work are generally complex 
having little resemblance to a sine wave. However, fourier series analysis tells us that such complex 
signals may be expressed as a sum of sine waves of various frequencies. 
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signal, the forward bias across emitter-base junction is decreased. Therefore, collector current de- 
creases. This results in the decreased output voltage (in the opposite direction). Hence, an amplified 
output is obtained across the load. 


1 
G A 
Ic 


i, SIGNAL 


Fig. 8.33 Fig. 8.34 


Analysis of collector currents. When no signal is applied, the input circuit is forward biased 
by the battery J’,,. Therefore, a d.c. collector current J. flows in the collector circuit. This is called 
zero signal collector current. When the signal voltage is applied, the forward bias on the emitter- 
base junction increases or decreases depending upon whether the signal is positive or negative. 
During the positive half-cycle of the signal, the forward bias on emitter-base junction is increased, 
causing total collector current i, to increase. Reverse will happen for the negative half-cycle of the 
signal. 

Fig. 8.34 shows the graph of total collector current i, versus time. From the graph, it is clear that 
total collector current consists of two components, namely ; 


(i) The d.c. collector current /,. (zero signal collector current) due to bias battery I’’,,. This is 
the current that flows in the collector in the absence of signal. 


(ti) The a.c. collector current i, due to signal. 
Total collector current, i, = i, to 


The useful output is the voltage drop across collector load RK, due to the a.c. component i.. The 
purpose of zero signal collector current is to ensure that the emitter-base junction 1s forward biased at 
all times. The table below gives the symbols usually employed for currents and voltages in transistor 
applications. 


i a 


Emitter current 
Collector current 


Base current 


Collector-emitter voltage 
Emitter-base voltage 


8.1/7 Transistor Load Line Analysis 


In the transistor circuit analysis, it is generally required to determine the collector current for various 
collector-emitter voltages. One of the methods can be used to plot the output characteristics and 
determine the collector current at any desired collector-emitter voltage. However, a more convenient 
method, known as /oad line method can be used to solve such problems. As explained later in this 
section, this method is quite easy and is frequently used in the analysis of transistor applications. 
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d.c. load line. Consider a common emitter npn transistor circuit shown in Fig. 8.35 (4) where no 
signal is applied. Therefore, d.c. conditions prevail in the circuit. The output characteristics of this 
circuit are shown in Fig. 8.35 (ii). 


The value of collector-emitter voltage J}. at any time 1s given by ; 


Vian = Vegan (i) 
I 
e To (mA) 
Yee ha 
Ro 

Tz = 15 pA 

Tz = 10 pA 

Ip=5 pA 

V xp (VOLTS 
au Vcc = | 
(i1) 


Fig. 8.35 


As I’., and R, are fixed values, therefore, it is a first degree equation and can be represented by 
a straight line on the output characteristics. This is known as d.c. load line and determines the locus 
of Va,—1- points for any given value of R,. To add load line, we need two end points of the straight 
line. These two points can be located as under : 
(i) When the collector current /.. = 0, then collector-emitter voltage is maximum and 1s equal to 
Vag te. 
Max. Vor = Voo-leRe 
= Vee CL = 9) 
This gives the first point B (OB = J’,,) on the collector-emitter voltage axis as shown in 
Fig. 8.35 (ii). 
(ii) When collector-emitter voltage I’. = 0, the collector current is maximum and is equal to 
Voc Re ie. 
Vow = Voom loRe 
or 0 = Voo-IoRe {c{mA) 
Max. [no = Voc/Re 
This gives the second point A (OA = I’.-/Rc) on 
the collector current axis as shown in Fig. 8.35 (ii). 


By joining these two points, d.c. *load line AB is 
constructed. C 2 


Voc ly 
Rc 


Importance. The current (/,) and voltage (I. ,) 
conditions 1n the transistor circuit are represented by 
some point on the output characteristics. The same Z Veg (VOLTS) 
information can be obtained from the load line. Thus O D Voc 
when /, is maximum (= }’,./R,), then Va, = 0 as 
shown in Fig. 8.36. If/.,=0, then J.,,1s maximum 


* Why load line ? The resistance R,. connected to the device is called load or load resistance for the circuit 
and, therefore, the line we have just constructed is called the load line. 
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and is equal to I’... For any other value of collector current say OC, the collector-emitter voltage I, 
= OD. It follows, therefore, that load line gives a far more convenient and direct solution to the 
problem. 

Note. If we plot the load line on the output characteristic of the transistor, we can investigate the behaviour 
of the transistor amplifier. It is because we have the transistor output current and voltage specified in the form of 
load line equation and the transistor behaviour itself specified implicitly by the output characteristics. 


8.18 Operating Point 


The zero signal values of I, and V4, are known as the operating point. 


It is called operating point because the variations of J. 
and }’.,,take place about this point when signal is applied. It is 
also called quiescent (silent) point or O-point because it is the 
point on J, — I, characteristic when the transistor is silent i.e. 
in the absence of the signal. 


Io 


Suppose in the absence of signal, the base current is 5 
WA. Then /, and }’.,, conditions in the circuit must be repre- 
sented by some point on J, = 5 pA characteristic. But J. and 
Va, conditions in the circuit should also be represented by 
some point on the d.c. load line AB. The point Q where the 
load line and the characteristic intersect is the only point which 
satisfies both these conditions. Therefore, the point QO de- 
scribes the actual state of affairs in the circuit in the zero 
signal conditions and is called the operating point. Referring 
to Fig. 8.37, for, =5 A, the zero signal values are : 


Vag = OC volts 
I, = OD mA 
It follows, therefore, that the zero signal values of J, and J’., (i.e. operating point) are deter- 
mined by the point where d.c. load line intersects the proper base current curve. 


Example 8.22. For the circuit shown in Fig. 8.38 (i), draw the d.c. load line. 


Solution. The collector-emitter voltage J’. 1s given by ; 
Vow = Veo=I1eRe ...(i) 
When J. = 0, then, 


l= Ve Se SV 


Ic 


5mA@A 


if 
V Bp Voc= 125 V 

(Z) (ii) 
Fig. 8.38 


V 
O 12.5 V a 
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When JU, = 0, then, 


In = VodRe = 12.5 V/2.5kQ = 5mA 


This locates the point A of the load line on the collector current axis. By joining these two points, 
we get the d.c. load line AB as shown in Fig. 8.38 (ii). 


Example 8.23. Jn the circuit diagram shown in Fig. 8.39 (i), ifVoga= 12V and Ra = 6 kQ, draw 
the d.c. load line. What will be the QO point if zero signal base current is 20uA and B = 50 ? 


Solution. The collector-emitter voltage J’.,,1s given by : 


Vor = Veowleke 
When J. = 0, Vag = Voce = 12 V. This locates the point B of the load line. When J’G, = 0, 
To = Voe/Re = 12 V/6 kQ=2 mA. This locates the point A of the load line. By joining these two 
points, load line AB 1s constructed as shown in Fig. 8.39 (ii). 
Zero signal base current, /, = 20 pA = 0.02 mA 
Current amplification factor, 8 = 50 
Zero signal collector current, J, = BJ, = 50x0.02 = 1mA 


Ic 
2mA¢4 
NO SIGNAL 1 wit ~O 
= 1 5 
BB Voc= 12V O 6V 12V VCE 
(7) (il) 
Fig. 8.39 


Zero signal collector-emitter voltage is 


Veep = Voo-I.Ro = 12-1mAx6kQ = 6V 


cele 
Operating point is 6 V, 1 mA. 
Fig. 8.39 (ii) shows the Q point. Its co-ordinates are J. = 1 mA and I’,,= 6 V. 


Example 8.24. /n a transistor circuit, collector load is 4 k8&2 whereas quiescent current (zero 
signal collector current) is 1mA. 

(i) What is the operating point if Vag = 10V ? 

(ii) What will be the operating point if Ro = 5 kQ ? 


Solution. Voe = 10V,/6 = 1mA 
(i) When collector load Ro = 4kQ, then, 


Vio-I.Ro = 10-1mAx4kQ = 10-4 = 61 


Operating point is 6 V, 1 mA. “ 
(il) When collector load R, 
Vcr 
Operating point is 5 V, 1 mA. 
Example 8.25. Determine the Q point of the transistor circuit shown in Fig. 8.40. Also draw the 
d.c. load line. Given B = 200 and Vz, = 0.7V: 


5k Q, then, 
Voe-TeRe = 10-1lmAx5kQ = 10-5 =5TV 
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Ic 
60.6 mA,4 
39.6 mA v 
yy 
= = = 2 6.93 V av CO 
Fig 8.40 Fig. 8.41 


Solution. The presence of resistor R, in the base circuit should not disturb you because we can 
apply Kirchhoff’s voltage law to find the value of J, and hence J, (= B/,). Referring to Fig. 8.40 and 
applying Kirchhoff’s voltage law to base-emitter loop, we have, 

Vpp— lp Rp—V pp 0 
Van —b ae — 1OV -0.7V 


Ip = R,  47kQ. NPB BA 
Now In = Bly = (200)(198 WA) = 39.6 mA 
Also Vor = Vao-IpRo = 20V-(39.6mA) (330 Q) = 20V - 13.07V = 6.93V 


Therefore, the Q-point is J. = 39.6 mA and I’. = 6.93V. 
D.C. load line. In order to draw the d.c. load line, we need two end points. 
Vee = Vee tok 
When J.= 0, Von = Voc = 20V. This locates the point B of the load line on the collector-emitter 
voltage axis as shown in Fig. 8.41. When J’.,= 0, La = Ve"/Ro= 20 V/330Q = 60.6 mA. This locates 


the point A of the load line on the collector current axis. By joining these two points, d.c. load line AB 
is constructed as shown in Fig. 8.41. 


Example 8.26. Determine the Q point of the transistor circuit shown in *Fig. 8.42. Also draw 
the d.c. load line. Given B = 100 and V3, = 0.7V: 


+ Voc + 10V 


Io 
3.51 mA 4 
1.80 mA Q 
—_ 
O 9.74V 20v.—E 
Fig. 8.43 


* The presence of two power supplies has an effect on the baisc equations for J, and V., used for single 
power supply (7.e. V..). Normally, the two supply voltages will be equal. For example, if V..= + 10V 
(d.c.), then V7, =— 10 V (d.c.). 
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Solution. The transistor circuit shown in Fig. 8.42 may look complex but we can easily apply 
Kirchhoff’s voltage law to find the various voltages and currents in the * circuit. 


Applying Kirchhoff’s voltage law to the base-emitter loop, we have, 
—1p Rp—V pple Ret Vg =O or Veg = lp Rp t lp Ret V pp 
Now /. = Bl, and/.=J,. «. I, =1,/B. Putting J, = J,/B in the above equation, we have, 


: iE; : 
Vez = B RptlgRet Vee 


Kp - r Vee —! Bp 
or By (E+ Re | = Vee Vo or Ie = RR, /B 
Von —V, 1OV -— 0.7V 93 V 
Since I, = Ip, + 


lo = R.+R,/B — 47kQ+47KQ/100 517kQ | 8mA 
Applying Kirchhoff’s voltage law to the collector side, we have, 
Voo lo Re— Veg le ket Vig = 0 
Vor = Voot Vag—le Rot Rp) 


= 10V+10V—-1.8mA (1 kQ + 4.7 kQ) = 9.74V 
Therefore, the operating point of the circuit is J, = 1.8 mA and J’. = 9.74V. 


D.C. load line. The d.c. load line can be constructed as under : 


Vor = Voot Vig—le Rot Rp) 


Or 


(+ Ly ~ Ia) 


When 1. =0 3 Von = Veet Veg = 10V + 1LOV = 20V. This locates the first point B (OB = 20V) of 
the load line on the collector-emitter voltage axis. When I’, = 0, 


_ Veo Vee LO" +100" 207" 
c > R.+R,  1kQ4+4.7kQ 5.7kQ ~ 391 mA 


This locates the second point A (OA = 3.51 mA) of the load line on the collector current axis. By 
joining points A and B, d.c. load line AB 1s constructed as shown in Fig. 8.43. 


Example 8.27. /n the above example, find (i) emitter voltage w.r.t. ground (ii) base voltage w.r.t. 
ground (iii) collector voltage w.rt. ground. 


+ Voc 


ut||<— ~ 


The emitter resistor R, provides stabilisation of Q-point (See Art. 9.12). 
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Solution. Refer to Fig. 8.44. 
(i) The emitter voltage w.r.t. ground is 
Vn=—Vagtl,R,=—- 1l0V + 1.8mA x 4.7kQ=— 1.54V 
(ii) The base voltage w.r.t. ground is 
V2 = Vet Vepp= 10V +0.7V = 10.7V 
(iii) The collector voltage w.r.t. ground is 


V.=Voo-IoRe= 1l0V-1.8mA x 1kQ=8.2V 


8.19 Practical Way of Drawing CE Circuit 
The common emitter circuits drawn so far can be shown in another convenient way. Fig. 8.45 shows 
the practical way of drawing CE circuit. In Fig. 8.45 (i), the practical way of drawing common 


emitter npn circuit is shown. Similarly, Fig. 8.45 (i7) shows the practical way of drawing common 
emitter pnp circuit. In our further discussion, we shall often use this scheme of presentation. 


+ Vee om Vic 


Fig. 8.45 
8.20 Output from Transistor Amplifier 


A transistor raises the strength of a weak signal and thus acts as 
an amplifier. Fig. 8.46 shows the common emitter amplifier. 
There are two ways of taking output from this transistor con- 
nection. The output can be taken either across R, or across 
terminals | and 2. In either case, the magnitude of output 1s the 
same. This is clear from the following discussion : 


(i) First method. We can take the output directly by 
putting a load resistance R, in the collector circuit i.e. 


OUTPUT 
Output = voltage across RK, = i, Ro ... (i) SIGNAL 

This method of taking output from collector load is used 
only in single stage of amplification. 


(ii) Second method. The output can also be taken across Fig, 8.46 
terminals | and 2 i.e. from collector and emitter end of supply. 


Output = Voltage across terminals | and 2 


= Voce 7 ie 
As Vac 1s a direct voltage and cannot pass through capacitor C,,, therefore, only varying voltage 
i.Rc will appear across terminals | and 2. 


Output = —i,Ro .. (ii) 
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From exps. (/) and (ii), it is clear that magnitude of output is the same whether we take output 
across collector load or terminals | and 2. The minus sign in exp. (ii) simply indicates the phase 
reversal. The second method of taking output is used in multistages of amplification. 


8.21 Performance of Transistor Amplifier 


The performance of a transistor amplifier depends upon input resistance, output resistance, effective 
collector load, current gain, voltage gain and power gain. As common emitter connection 1s univer- 
sally adopted, therefore, we shall explain these terms with reference to this mode of connection. 


(‘) Input resistance. /t is the ratio of small change in base-emitter voltage (AI',,) to the 
resulting change in base current (AI) at constant collector-emitter voltage i.e. 


a 
Al; 
The value of input resistance is quite small because the input circuit 1s always forward biased. It 
ranges from 500 Q for small low powered transistors to as low as 5 Q for high powered transistors. In 
fact, input resistance 1s the opposition offered by the base-emitter junction to the signal flow. Fig. 


8.47 shows the general form of an amplifier. The input voltage ,,, causes an input current /,. 


‘ AV. V. 
Input resistance,R, = —## = —# 


Al; Is 


Thus if the input resistance of an amplifier 1s 500 Q and the sig- 
nal voltage at any instant is | V, then, 


Input resistance, R, = 


Base current, i, = ~~~ = 2mA 


(ii) Output resistance. Jt is the ratio of change in collector- 
emitter voltage (AI’.,,) to the resulting change in collector current 
(AI_.) at constant base current i.e. 


AV ap AMPLIFIER 
Alc 

The output characteristics reveal that collector current changes 

very slightly with the change 1n collector-emitter voltage. Therefore, 


output resistance of a transistor amplifier is very high— of the order of several hundred kilo-ohms. 
The physical explanation of high output resistance is that collector-base junction is reverse biased. 


Output resistance, R, = 
Fig. 8.47 


(iii) Effective collector load. Jt is the total load as seen by the a.c. collector current. 


In case of single stage amplifiers, the effective collector load 1s a parallel combination of R, and 

Ro as shown in Fig. 8.48 (7). 
Effective collector load, Rj = Re ||Ro 
= Ro xh Xo = * 
Rot+Ro ’ 

It follows, therefore, that for a single stage amplifier, effective load 1s equal to collector load Ro. 

However, in a multistage amplifier (i.e. having more than one amplification stage), the input 
resistance R, of the next stage also comes into picture as shown in Fig. 8.48 (i). Therefore, effective 
collector load becomes parallel combination of R,, Rp and KR, i.e. 


Effective collector load, Ry. = Re || RoI R, 


* As output resistance R, is several times R,, therefore, R.. can be neglected as compared to Rp. 
Re XRo 


Rac ~ Ro 


= Rp 
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RR, 


R.+R 


= *R.||R, = 


As input resistance R, is quite small (25 Q to 500 &2), therefore, effective load is reduced. 


(iv) Current gain. /t is the ratio of change in collector current (AI) to the change in base 
current (AI,,) i.e. 


Al 
Current gain, B = —©& 
gain, B Al, 
The value of 8 ranges from 20 to 500. The current gain indicates that input current becomes B 
times in the collector circuit. 


+ Voc + Vcc 
Re 
eh er 
SINGLE STAGE l¢—— FIRST STAGE——>}¢- SECOND STAGE 
TWO STAGE 
(i) (ii) 


Fig. 8.48 


(v) Voltage gain. Jt is the ratio of change in output voltage (AV".,) to the change in input 
voltage (AV, ,) i.e. 
AV og 
Map 
Change in output current x effective load 
Change in input current x input resistance 


Voltage gain, A, 


_ Al, X Rac = Ale | Bac = Bx ac 
AI, XR, AI, &, R, 
ka Xk, 


For single stage, R,. = Ro. However, for multistage, Rj. = where R, is the input 


Ro tk, 
resistance of the next stage. 


(vi) Power gain. I/t is the ratio of output signal power to the input signal power i.e. 
2 
(Alc) XRac _ (se lx Ale XRyc 
(Alp) xR, Al AI, XR, 


B 
= Current gain x Voltage gain 


Power gain, A, = 


Example 8.28. A change of 200 mV in base-emitter voltage causes a change of 100 #A in the 
base current. Find the input resistance of the transistor. 


Solution. Change in base-emitter voltage 1s 
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AVan = 200mV 
Change in base current, AJ, = l100 pA 
. AV, 
Input resistance,R, = va = mere = 2kQ 


Example 8.29. [f the collector current changes from 2 mA to 3mA in a transistor when collec- 
tor-emitter voltage is increased from 2V to 10V; what is the output resistance ? 


Solution. Change in collector-emitter voltage is 
MVog = 10-2 = 8V 


Change in collector currentis AJ, = 3-2 = I1mA 
AV, 8 V 
Output resist Ro = —“ = — = 8kQ 
utput resistance, Rp vA j 


Example 8.30. For a single stage transistor amplifier, the collector load is Rx = 2kQ and the 
input resistance R, = 1kQ. If the current gain is 50, calculate the voltage gain of the amplifier. 
Solution. Collectorload,Ro = 2kQ 
Input resistance, R, = 1 kQ 


Current gain, B = 50 


R R 
Bx—4¢ = Bx [.. For single stage, R,. =Ro] 
i 


Voltage gain, A, R 


50 x (2/1) = 100 
8.22 Cut off and Saturation Points 


Fig. 8.49 (i) shows CE transistor circuit while Fig. 8.49 (7) shows the output characteristcs along with 
the d.c. load line. 

(i) Cut off. The point where the load line intersects the J, = 0 curve is known as cut off. At this 
point, J, =0 and only small collector current (i.e. collector leakage current /.,,,,5) exists. At cut off, the 
base-emitter junction no longer remains forward biased and normal transistor action 1s lost. The 
collector-emitter voltage is nearly equal to J Uc i.e. 


J CE (cut off) = J CC 


Io (mA) 


CUT OFF 
I, = 0 


Veg (VOLTS) 


Vcr (sat) - Vieiow 
W) Fig. 8.49 i) 


(ii) Saturation. The point where the load line intersects the /,, =/ B(sat) CUrVe is called saturation. 
At this point, the base current is maximum and so 1s the collector current. At saturation, collector- 
base junction no longer remains reverse biased and normal transistor action is lost. 
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r 


V 
CC « r =, Ty - 
I C (sat) = Ro > Vor 7 V oR (sat) 7 V Gite 


If base current is greater than Jp... 
junction is no longer reverse-biased. 


then collector current cannot increase because collector-base 


(iii) Active region. The region between cut off and saturation is known as active region. In the 
active region, collector-base junction remains reverse biased while base-emitter junction remains 
forward biased. Consequently, the transistor will function normally in this region. 

Note. We provide biasing to the transistor to ensure that it operates in the active region. The reader may 
find the detailed discussion on transistor biasing in the next chapter. 

Summary. A transistor has two pn junctions i.e., itis like two diodes. The junction between base 
and emitter may be called emitter diode. The junction between base and collector may be called 
collector diode. We have seen above that transistor can act in one of the three states : cut-off, 
saturated and active. The state of a transistor is entirely determined by the states of the emitter diode 
and collector diode [See Fig. 8.50]. The relations between the diode states and the C 
transistor states are : 

CUT-OFF: Emitter diode and collector diode are OFF. 

ACTIVE: Emitter diode is ON and collector diode is OFF. B 

SATURATED: Emitter diode and collector diode are ON. 

In the active state, collector current [See Fig 8.51 (i)] is B times the base cur- 
rent (i.e. J. = B/,). If the transistor is cut-off, there is no base current, so there is no a 
collector or emitter current. That is collector emitter pathway is open [See Fig. 8.51 Fig. 8.50 
(ii)]. In saturation, the collector and emitter are, in effect, shorted together. That is the transistor 
behaves as though a switch has been closed between the collector and emitter [See Fig. 8.51 (ii)]. 


a C C 
f <i | 1-=0 | [=I 
Ip | . B Ip= 0 | Cc CutE 
oe Open between Short (approximate) 
B B o—— collector and Bo between collector 
emitter and emitter 
| 1,,=0 
E E E 
(i) ACTIVE (ii) CUT-OFF (iii) SATURATED 
Fig. 8.51 


Note. When the transistor is in the active state, J. = Bl,. Therefore, a transistor acts as an 
amplifier when operating in the active state. Amplification means /inear amplification. In fact, small 
signal amplifiers are the most common /inear devices. 


Example 8.31. Find I C(sat) and V cB (cut off) for the circuit shown in Fig. 8.52 (i). 


Solution. As we decrease R,, base current and hence collector current increases. The increased 
collector current causes a greater voltage drop across R,; this decreases the collector-emitter voltage. 
Eventually at some value of Rp, I’., decreases to J, .,. At this point, collector-base junction is no 
longer reverse biased and transistor action is lost. Consequently, further increase 1n collector current 1s 
not possible. The transistor conducts maximum collector current ; we say the transistor is saturated. 


_ Veo "Vine — Veo . 20V 


I = = ee aes 

oe R R 1kQ 

* Vireo 18 about 0.5 V for Ge transistor and about 1V for Si transistor. Consequently, V’,,,, can be neglected 
as compared to I... (= 20 V in this case). 


= 20mA 
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As we increase R,, base current and hence collector current decreases. This decreases the volt- 
age drop across R,.. This increases the collector-emitter voltage. Eventually, when J, = 0, the emitter- 
base junction 1s no longer forward biased and transistor action is lost. Consequently, further increase 


in V’.,1s not possible. In fact, J’. now equals to Vac. 


Vorcut-op) = bcc = 20V 


+20 V 


20 mA 


V 
0 20 V oF 


(it) 


Fig. 8.52 


Figure 8.52 (ii) shows the saturation and cut off points. Incidentally, they are end points of the 


d.c. load line. 
Note. The exact value of Vcaceuropy ~ Veo ~Lce0 Re: Since the collector leakage current J, is very small, 


we can neglect I[..5 Ras compared to FV... 
Example 8.32. Determine the values of Va, (off) and I. a for the circuit shown in Fig. 8.53. 


Fig. 8.53 
Solution. Applying Kirchhoff’s voltage law to the collector side of the circuit in Fig. 8.53, we 
have, 
Voo Lo Re— Veg “Uc Ret Veg = 0 
or Foe = Foetal Rat & ool) 


* — Voltage across R, =1, Ry. Since I, = I,, voltage across Ry =1.Rz. 
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We have Io, (off) when /..= 0. Therefore, putting J. = 0 in eq. (i), we have, 


Vor of) = Voo + Vig = 12 +12 = 24V 
We have Les (sat) when Vaa= 0. 


; 7 Veo + Van _ d2+12))" 
C(sat) = Ra+R, (75041500) Q 


Example 8.33. Determine whether or not the transistor in Fig. 8.54 is in stauration. Assume 
Vince = 0.2V. 


= 10.67 mA 


{Veco =10V 


Fig. 8.54 


Solution. 

Voo Vinee . 1OV-O0.2V — 98V 

Lo (sat) - Ro = 1kQ -_ 1kQ =98mA 

Now we shall see if /, 1s large enough to produce [6 (cay). 

Vag —Veap —§ WV -O.1V 2.3 V 
Now lz = Rh, 10h ~ 107q ~04°me 

I. = Bl, =50 x 0.23 = 11.5 mA 
This shows that with specified B, this base current (= 0.23 mA) is capable of producing J, greater 
than /¢ (say, Therefore, the transistor 1s saturated. In fact, the collector current value of 11. 5 mA is 


never reached. If the base current value corresponding to J. ,,,,, 18 increased, the collector current 
remains at the saturated value (= 9.8 mA). 


(sat) 


Example 8.34. Js the transistor in Fig. 8.55 operating in saturated state ? 


Ic 


Ro=9702 


eS Vec= 10 V 


Fig. 8.55 


178 @ Principles of Electronics 


Solution. 
I. = Bz = (100)(100 pA) = 10 mA 
Vor = Veo le Re 

1OV — (10 mA)(970Q) = 0.3V 

Let us relate the values found to the transistor shown 1n Fig. 8.56. 
As you can see, the value of J’,,,1s 0.95V and the value of V.,,= 0.3 V. 
This leaves J’., of 0.65V (Note that Va,= Vag + Vp,). In this case, 
collector — base junction (i.e., collector diode) 1s forward biased as is 
the emitter-base junction (i.e., emitter diode). Therefore, the transistor 
is operating in the saturation region. 


Note. When the transistor is in the saturated state, the base cur- 
rent and collector current are independent of each other. The base cur- 
rent is still (and always is) found only from the base circuit. The col- 
lector current is found apporximately by closing the imaginary switch Fig. 8.56 
between the collector and the emitter in the collector circuit. 


Example 8.35. For the circuit in Fig. 8.57, find the base supply voltage (Vp) that just puts the 
transistor into saturation. Assume B = 200. 

Solution. When transistor first goes into saturation, we 
can assume that the collector shorts to the emitter (.e. 1,= 0) 
but the collector current is still 6B times the base current. 


Ver + 10V (Voc) 


] — Jecther _ Foo ~9 
C(sat) Ro Re 
10V -0 
= kOQ =5mA 
The base current /, corresponding to J¢ (,4,) (=5 mA) 1s 
le (sat) _5mA 
I, = —S@ = =0.025 mA 


B 200 


Applying Kirchhoff’s voltage law to the base circuit, we 
have, 


Vpp ~ 1p Rg —l pg = 0 
Or Veep — Veet lp Rp 
0.7V + 0.025 mA x 50 kQ =0.7 4+ 1.25 = 1.95V 
Therefore, for V,, > 1.95, the transistor will be in saturation. 


Example. 8.36. Determine the state of the transistor in Fig. 8.58 for the following values of 
collector resistor : 

(i) Re=— 2k i) Re — 4 kG) Ke = 8 kO 

Solution. Since /,, does not depend on the value of the collector resistor R,, the emitter current 
(Zz) is the same for all three parts. 


Emitter voltage,J, = V3 —-Vpn= Vee — Ven 
= 2.7V-0.7V=2V 
Also Ip= GE= ag =2mA 
E 
(1) When R,.= 2 k®. Suppose the transistor is active. 
le 1.2 ma 
Tz = I/B=2 mA/100 = 0.02 mA 
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Collector voltage, 1. = Voe-IeRe Voc=+ 10V 
lOV-—2 mAx2kQ= 10V-4V=6V 


Since J’.  6V) is greater than J’, (= 2V), the transistor 1s 
active. Therefore, our assumption that transistor is active is cor- 
rect. 


(ii) When R,.= 4 kQ. Suppose the transistor is active. 


= I, = 2mA and J, = 0.02 mA ... as found above 
Collector voltage. = Voo-LaRe 
1lOV-2mA x 4kQ= 10V-8V=2V 


Since J’. = I’, the transistor is just at the edge of saturation. 
We know that at the edge of saturation, the relation between the 
transistor currents is the same as in the active state. Both answers 
are correct. 


(ii) When R,.= 8 kQ. Suppose the transistor is active. 

I, = 2mA ;/,=0.02 mA... as found earlier. Fig. 8.58 
Collector voltage, V.=Voe-LIpRe 

= 10V-2mA x 8kQ= 10V- 16V =-6V 

Since J’. < I’, the transistor 1s saturated and our assumption 1s not correct. 
Example 8.37. Jn the circuit shown in Fig. 8.59, Vz, is set equal to the following values : 
(UD Veg = OV GD Veg. = 1.50 (a) Veg = SV 
Determine the state of the transistor for each value of the base supply voltage Vy». 


Solution. The state of the transistor also depends on the base 
supply voltage I’, .. 


a Voc 
Because the base voltage I’, (= 13, = 0.5V) is less than 0.7V, 
the transistor 1s cut-off. ie 
(Gi) For Vz, = 1.5V Ves Ro $10kQ | tc 


The base voltage I", controls the emitter voltage J, which 
controls the emitter current J,,. 


Now Ve = F3-0.7V=1.5V-0.7V=0.8V 
Vy, _0.8V 
l, = Rr co. = 

If the transistor is active, we have, 

I.=I,= 0.8 mA and J, = I[./B = 0.8/100 = 0.008 mA 

Collector voltage, V.=Voce-IgRe 

= 15V-0.8mA x 10kQ= I5SV-8V=7V 

Since J’, > 1’, the transistor is active and our assumption 1s correct. 
(iii) For Vz, =3V 


V3 —-90.7V =3V —-0.7V=2.3V 


v.23) 


Ty = R,; 1kQ =23mA 


VE 
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Assuming the transistor is active, we have, 
Te=1Lp=2.3mA ; Ip =1/B = 2.3/100 = 0.023 mA 
Collector voltage, Vo = Vae-IeRe 
ISV—2.3 mA x 10kQ = 15V—-23V =-—8V 
Since I’, < I’, the transistor is saturated and our assumption is not correct. 


8.23 Power Rating of Transistor 
The maximum power that a transistor can handle without destruction is known as power rating of 
the transistor. 
When a transistor is in operation, almost all the power is dissipated at the reverse biased 
*collector-base junction. The power rating (or maximum power dissipation) is given by : 
Pr (max) = Collector current x Collector-base voltage 
= Lox Vop 


Pp (may = 10% Ver 
[Vor =Vog t+ Ven Since V,,18 very small, Von =~ Varl 
While connecting transistor in a circuit, it should be ensured that its power rating is not exceeded 
otherwise the transistor may be destroyed due to excessive heat. For example, suppose the power 
rating (or maximum power dissipation) of a transistor is 300 mW. If the collector current is 30 mA, 
then maximum |, allowed is given by ; 


tees — Io . V cE (max) 


or 300 mW = 30mA x Iu, Gas 
; 300 mW 
or VcE(max) = 30mA ~ 


This means that for /.= 30 mA, the maximum /., allowed is 10V. If I’, exceeds this value, the 
transistor will be destroyed due to excessive heat. 


Maximum power dissipation curve. For **power transistors, it is sometimes necessary to 
draw maximum power dissipation curve on the output characteristics. To draw this curve, we should 
know the power rating (i.e. maximum power dissipation) of the transistor. Suppose the power rating 
of a transistor 1s 30 mW. 


Ey Ges) = J 


or 30 MW = Vag < Io 


Using convenient J’. values, the corresponding collector currents are calculated for the maxi- 
mum power dissipation. For example, for J’, = 10V, 


I 


cE” +¢ 


Fp max) _ 30 mW 
ioe 10 V 


This locates the point A (1OV, 3 mA) on the output characteristics. Similarly, many points such as 
B, C, D ete. can be located on the output characteristics. Now draw a curve through the above points 
to obtain the maximum power dissipation curve as shown 1n Fig. 8.60. 

In order that transistor may not be destroyed, the transistor voltage and current (i.e. }"., and I.) 
conditions must at all times be maintained in the portion of the characteristics below the maximum 
power dissipation curve. 


=3mA 


Io (max) = 


* The base-emitter junction conducts about the same current as the collector-base junction (7.e. J, = I. ). 
However, }’,, 1s very small (0.3 V for Ge transistor and 0.7 V for Si transistor). For this reason, power 
dissipated at the base-emitter junction is negligible. 


** A transistor that is suitable for large power amplification is called a power transistor. It differs from other 
transistors mostly 1n size ; it 1s considerably larger to provide for handling the great amount of power. 
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Ic 
6mA Bb 
C 
5mA + 
AmA ; B 
"s MAXIMUM POWER 
A DISSIPATION CURVE 

3mA_ /--- a 

F tee = 30 mW 
2mA 
ImA 

: Vcr 

0 5V 10V 15V 20V 


Fig. 8.60 


Example 8.38. Zhe maximum power dissipation of a transistor is 1OOmMW. If V4, = 20V, what is 
the maximum collector current that can be allowed without destruction of the transistor? 


Solution. Promax) = Ver Lemar 
or 100mW = 20 V X Io (max) 
— 100mW 
hans = ee, 2 mA 
20 V 


Thus for l.,= 20V, the maximum collector current allowed 
is5 mA. If collector current exceeds this value, the transistor 
may be burnt due to excessive heat. 

Note. Suppose the collector current becomes 7mA. The power 
produced will be 20 V x 7 mA = 140 mW. The transistor can only 
dissipate 100 mW. The remaining 40 mW will raise the temperature of 
the transistor and eventually it will be burnt due to excessive heat. 

Example 8.39. For the circuit shown in Fig. 8.61, find the 
transistor power dissipation. Assume that B = 200. 


Solution. 
— Vep—l ep O-O0.7)V _ 
l, = R, = TO =43mA 
- In = BI, = 200 x 4.3 = 860 mA 
Now Vow = Vee le Re = 3-16 x 0=5V 


Power dissipation, P, = Vag x Io 
= SV x 860 mA = 4300 mW = 4.3W 


Example 8.40. For the circuit shown in Fig. 8.62, find the 
power dissipated in the transistor. Assume B = 100. 


Solution. The transistor is usually used with a resistor Ro 
connected between the collector and its power supply I’... as 
shown is Fig. 8.62. The collector resistor R,, serves two purposes. 
Firstly, it allows us to control the voltage J”, at the collector. 
Secondly, it protects the transistor from excessive collector 
current J, and, therefore, from excessive power dissipation. 
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Referring to Fig. 8.62 and applying Kirchhoff’s voltage law to the base side, we have, 
V ppp Rp—V pg = 0 
Van —V, IV -O0.7)V O0.3V 
i = “Rk BE =— ko 10k = 0.03 mA 
Now I. = Bl, = 100 x 0.03 =3 mA 
Vow = Veo Re =35V -3 mA x 1 kQ=5V-3V=2V 
Power dissipated in the transistor is 


Py = VagXIn=2V x 3mA =6mW 


Example 8.41. The transistor in Fig. 8.63 has the following maximum ratings : 


ae a a S00 mW ; V CE (max) = 15) : ie en 100 mA 


Determine the maximum value to which Va can be adjusted without exceeding any rating. 
Which rating would be exceeded first ? 


Solution. 
Ven Van  V-OW  43V 
Ip = RS OD2RQO2D-KQ ~ 17 BA 
I, = Bly= 100 x 195 pA = 19.5 mA 


Note that /..1s much less than L¢¢,,) and will not change with I’... It1s determined only by /, and 
8. Therefore, current rating is not exceeded. 


Now Von = Vogtle Re 
We can find the value of Voc when Vor Cs 15V. 


Voc (ma) = ! cramay tice 
= 15V+195mA x 1kQ=15V+19.5 V=34.5V 


vr 


Therefore, we can increase J’... to 34.5V before I., as is reached. 
Py = VCE (max) T.=(5V) (19.5 mA) = 293 mW 
Since P, CZ 800 mW, it is not exceeded when J’... = 34.5V. 


rr 


If base current is removed causing the transistor to turn off, Vom (q,) Will be exceeded because 
the entire supply voltage I, will be dropped across the transistor. 


8.24. Determination of Transistor Configuration 


In practical circuits, you must be able to tell whether a given transistor is connected as a common 
emitter, common base or common collector. There is an easy way to ascertain it. Just locate the 
terminals where the input a.c. singal 1s applied to the transistor and where the a.c output is taken from 
the transistor. The remaining third terminal is the common terminal. For instance, if the a.c input 1s 
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applied to the base and the a.c output is taken from the collector, then common terminal is the emitter. 
Hence the transistor 1s connected in common emitter configuration. If the a.c. input is applied to the 
base and a.c output is taken from the emitter, then common terminal is the collector. Therefore, the 
transistor 1s connected in common collector configuration. 


8.25 Semiconductor Devices Numbering System 


From the time semiconductor engineering came to existence, several numbering systems were adopted 
by different countries. However, the accepted numbering system is that announced by Proelectron 
Standardisation Authority in Belgium. According to this system of numbering semiconductor de- 
vices : 

(i) Every semiconductor device is numbered by five alpha-numeric symbols, comprising either 
two letters and three numbers (e.g. BF 194) or three letters and two numbers (e.g. BFX63). When two 
numbers are included in the symbol (e.g. BF X63), the device 1s intended for industrial and profes- 
sional equipment. When the symbol contains three numbers (e.g. BF 194) , the device 1s intended for 
entertainment or consumer equipment. 

(ii) The first letter indicates the nature of semiconductor material. For example : 
A = germanium, B = silicon, C = gallium arsenide, R = compound material (e.g. cadmium sulphide) 

Thus AC 125 is a germanium transistor whereas BC 149 1s a silicon transistor. 

(iii) The second letter indicates the device and circuit function. 


A = diode B = Variable capacitance diode 
C = A.F low powered transistor D = AF. power transistor 

E = Tunnel diode F = HLF. low power transistor 
G = Multiple device H = Magnetic sensitive diode 
K = Hall-effect device L = H.F. power transistor 

M = Hall-effect modulator P = Radiation sensitive diode 
Q = Radiation generating diode R = Thyristor (SCR or triac) 
S = Low power switching transistor T = Thyristor (power) 

U = Power switching transistor X = diode, multiplier 

Y = Power device Z = Zener diode 


8.26 Transistor Lead Identification 


There are three leads in a transistor viz. collector, emitter and base. When a transistor 1s to be connected 
in a circuit, it is necessary to know which terminal is which. The identification of the leads of transistor 
varies with manufacturer. However, there are three systems 1n general use as shown in Fig. 8.64. 

(i) When the leads of a transistor are in the same plane and unevenly spaced [See Fig. 8.64 (i)], 
they are identified by the positions and spacings of leads. The central lead 1s the base lead. The 
collector lead is identified by the larger spacing existing between it and the base lead. The remaining 
lead 1s the emitter. 


E / TRANSISTOR \c 


TRANSISTOR TRANSISTOR 


Dot 


Gap 
(i) (11) (iil) 
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(ii) When the leads of a transistor are in the same plane but evenly spaced [See Fig. 8.64 (i)], 
the central lead 1s the base, the lead identified by dot 1s the collector and the remaining lead is the 
emitter. 

(iii) When the leads of a transistor are spaced around the circumference of a circle [See Fig. 8.64 
(iii)|, the three leads are generally in E-B-C order clockwise from a gap. 


8.2/7 Transistor Testing 


An ohmmeter can be used to check the state of a transistor i.e., whether the transistor 1s good or not. 
We know that base-emitter junction of a transistor 1s forward biased while collector-base junction is 
reverse biased. Therefore, forward biased base-emitter junction should have low resistance and 
reverse biased collector-base junction should register a much higher resistance. Fig. 8.65 shows the 
process of testing an mpn transistor with an ohmmeter. 

(i) The forward biased base-emitter junction (biased by internal supply) should read a low 
resistance, typically 100 Q to 1 kQ as shown in Fig. 8.65 (i). If that 1s so, the transistor is good. 
However, if it fails this check, the transistor is faulty and it must be replaced. 


oC 


Ohmmeter Ohmmeter 


(i) (ii) 
Fig. 8.65 


(ii) The reverse biased collector-base junction (again reverse biased by internal supply ) should 
be checked as shown in Fig. 8.65 (i). If the reading of the ohmmeter is 100 kQ or higher, the 
transistor is good. If the ohmmeter registers a small resistance, the transistor is faulty and requires 
replacement. 

Note. When testing a pnp transistor, the ohmmeter leads must be reversed. The results of the tests, how- 


ever, will be the same. 


8.28 Applications of Common Base Amplifiers 


Common base amplifiers are not used as frequently as the CE amplifiers. The two important 
applications of CB amplifiers are : (7) to provide voltage gain without current gain and (i/) for 1mped- 
ance matching in high frequency applications. Out of the two, the high frequency applications are far 
more common. 

(i) To provide voltage gain without current gain. We know that a CB amplifier has a high 
voltage gain while the current gain is nearly 1 (@.e. A, = 1). Therefore, this circuit can be used to 
provide high voltage gain without increasing the value of circuit current. For instance, consider the 
case where the output current from an amplifier has sufficient value for the required application but 
the voltage gain needs to be increased. In that case, CB amplifier will serve the purpose because it 
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would increase the voltage without increasing the current. This is illustrated in Fig. 8.66. The CB 
amplifier will provide voltage gain without any current gain. 


LOW A, HIGH 4, 


CB 
AMPLIFIER 


AMPLIFIER OUTPUT 


SUFFICIENT 4; Ave 


Fig. 8.66 


SOURCE 


Lip = 29 D2 


out 


a ie | 
SS | 


Fig. 8.67 


(ii) For impedance matching in high frequency applications. Most high-frequency voltage 
sources have a very /ow output impedance. When such a low-impedance source 1s to be connected 
to a high-impedance load, you need a circuit to match the source impedance to the load impedance. 
Since a common-base amplifier has /ow input impedance and high output impedance, the com- 
mon-base circuit will serve well in this situation. Let us illustrate this point with a numerical ex- 
ample. Suppose a high-frequency source with internal resistance 25 Q is to be connected to a load 
of 8 kQ as shown in Fig. 8.67. Ifthe source is directly connected to the load, small source power 
will be transferred to the load due to mismatching. However, it 1s possible to design a CB amplifier 
that has an input impedance of nearly 25 Q and output impedance of nearly 8 kQ. If such a CB 
circuit 1s placed between the source and the load, the source will be matched to the load as shown 
in Fig. 8.68. 


SOURCE BUFFER LOAD 


CB CIRCUIT 
Fig. 8.68 


Note that source impedance very closely matches the input impedance of C'B amplifier. There- 
fore, there is a maximum power transfer from the source to input of CB amplifier. The high output 
impedance of the amplifier very nearly matches the load resistance. As a result, there is a maximum 
power transfer from the amplifier to the load. The net result is that maximum power has been trans- 
ferred from the original source to the original load. A common-base amplifier that is used for this 
purpose 1s called a buffer amplifier. 
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8.29 Transistors Versus Vacuum Tubes 


Advantages of transistors 


A transistor 1s a solid-state device that performs the same functions as the grid-controlled vacuum 
tube. However, due to the following advantages, the transistors have upstaged the vacuum tubes in 
most areas of electronics : 


(i) High voltage gain. We can get much more voltage gain with a transistor than with a vacuum 
tube. Triode amplifiers normally have voltage gain of less than 75. On the other hand, transistor 
amplifiers can provide a voltage gain of 300 or more. This 1s a distinct advantage of transistors over 
the tubes. 


(ii) Lower supply voltage. Vacuum tubes require much higher d.c. voltages than transistors. 
Vacuum tubes generally run at d.c. voltages ranging from 200V to 400V whereas transistors require 
much smaller d.c. voltages for their operation. The low voltage requirement permits us to build por- 
table, light-weight transistor equipment instead of heavier vacuum-tube equipment. 


(iii) No heating. A transistor does not require a heater whereas the vacuum tube can only oper- 
ate with a heater. The heater requirement in vacuum tubes poses many problems. First, it makes the 
power supply bulky. Secondly, there is a problem of getting rid of heat. The heater limits the tube’s 
useful life to a few thousand hours. Transistors, on the other hand, last for many years. This is the 
reason that transistors are permanently soldered into a circuit whereas tubes are plugged into sockets. 


(iv) Miscellaneous. Apart from the above salient advantages, the transistors have superior edge 
over the tubes in the following respects : 


(a) transistors are much smaller than vacuum tubes. This means that transistor circuits can be 
more compact and light-weight. 


(b) transistors are mechanically strong due to solid-state. 


(c) transistors can be integrated along with resistors and diodes to produce /C’s which are 
extremely small in size. 


Disadvantages of transistors 


Although transistors are constantly maintaining superiority over the vacuum tubes, yet they suffer 
from the following drawbacks : 


(i) Lower power dissipation. Most power transistors have power dissipation below 300W 
while vacuum tubes can easily have power dissipation in kW. For this reason, transistors cannot be 
used in high power applications e.g. transmitters, industrial control systems, microwave systems etc. 
In such areas, vacuum tubes find wide applications. 


(ii) Lower input impedance. A transistors has low input impedance. A vacuum tube, on the 
other hand, has very high input impedance (of the order of MQ) because the control grid draws 
negligible current. There are many electronic applications where we required high input impedance 
e.g. electronic voltmeter, oscilloscope etc. Such areas of application need vacuum tubes. It may be 
noted here that field-effect transistor (FET) has a very high input impedance and can replace a vacuum 
tube in almost all applications. 


(iii) Temperature dependence. Solid-state devices are very much temperature dependent. A 
slight change in temperature can cause a significant change in the characteristics of such devices. On 
the other hand, small variations in temperature hardly affect the performance of tubes. It 1s a distinct 
disadvantage of transistors. 


(iv) Inherent variation of parameters. The manufacture of solid-state devices is indeed a very 
difficult process. Inspite of best efforts, the parameters of transistors (e.g. B, I’,,,e¢c.) are not the same 
even for the transistors of the same batch. For example, 6 for BC 148 transistors may vary between 
100 and 600. 
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MULTIPLE-CHOICE QUESTIONS 


1. A transistor has ........ 
(i) one pn junction 
(ii) two pnjunctions 
(iii) three pn junctions 
(iv) four pn junctions 
2. The number of depletion layers in a transis- 


tor 1S ........ 
(i) four (ii) three 
(iii) one (iv) two 
3. The base of a transistor 1s ....... doped. 


(i) heavily 
(ii) lightly 
4. The element that has the biggest size in a 

transistor 1s ........ 


(ii) moderately 
(iv) none of the above 


(i) collector (ii) base 
(iii) emitter 
(iv) collector-base junction 
5. In a pnp transistor, the current carriers are 


(i) acceptorions (i) donor ions 
(iii) free electrons (iv) holes 
6. The collector of a transistor 1s ........ doped. 
(i) heavily 
Gii) lightly 
7. A transistor 1s a......... operated device. 


(ii) moderately 

(iv) none of the above 
(i) current (ii) voltage 
(iii) both voltage and current 
(iv) none of the above 


8. In an mpn transistor, ....... are the minority 
carriers. 


(ii) holes 
(iv) acceptor ions 


(i) free electrons 
(iii) donor ions 
9. The emitter of a transistor is ........ doped. 
(i) lightly 
(iii) moderately 


(ii) heavily 
(iv) none of the above 


10. Ina transistor, the base current is about ........ 
of emitter current. 


(i) 25% (ii) 20% 
(iii) 35% (iv) 5% 
11. At the base-emitter junction of a transistor, 
one finds ........ 


(i) reverse bias 
(ii) a wide depletion layer 
(iii) lowresistance 
(iv) none of the above 
12. The input impedance of a transistor Is ...... 
(i) high 
(iii) very high 


(ii) low 
(iv) almost zero 
13. Most of the majority carriers from the emit- 


(i) recombine in the base 
(7) recombine in the emitter 


(iii) pass through the base region to the col- 
lector 


(iv) none of the above 


14. The current J, 1s ........ 
(i) electron current 
(ii) hole current 
(iii) donor ion current 
(iv) acceptor ion current 
15. In atransistor, ........ 
@) l.=I,ptl, Gi) Ip=Iotl, 
Git) Ip=Io—T, (iv) Ip=1Io tT, 
16. The value of o of a transistor Is ........ 
(7) more than | (ii) less than 1 


(iii) 1 (iv) none of the above 
V7. Te OTe eicce: 
Gi) I, Gl) Logo 
(Gili) Logo (iv) BI, 
18. The output impedance of a transistor 1s ........ 
(i) high (ii) zero 
(iii) low (iv) very low 


19. In a transistor, /.= 100 mA and J, = 
100.5mA. The value of Bis ........ 
(i) 100 Gi) 50 
(iii) about 1 (iv) 200 
20. In a transistor if B = 100 and collector cur- 
rent is 10 mA, then J,,1s ........ 
@) 100mA Gi) 100.1 mA 
Git) 11OmA (iv) none of the above 
21. The relation between 6 and cis ........ 


: _ | re Gre 
(7) ae ers Ce ar 
Go A eoe 
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22. The value of 6 for a transistor is generally 
(i) 1 (ii) less than 1 
(iii) between 20 and 500 
(iv) above 500 
23. The most commonly used transistor arrange- 
ment is........ arrangement. 
(4) common emitter 
(ii) common base 
(iii) common collector 
(iv) none of the above 
24. The input impedance of a transistor con- 
nected in .......... arrangement is the highest. 
(4) common emitter 
(ii) common collector 
(iii) Common base 
(iv) none of the above 
25. The output impedance of a transistor con- 
nected in ......... arrangement 1s the highest. 
(4) common emitter 
(ii) common collector 
(iii) common base 
(iv) none of the above 
26. The phase difference between the input and 
output voltages in a common base arrange- 


ment is......... 
(i) 180° (ii) 90° 
(iii) 270° (iv) O° 


27. The power gain of a transistor connected in 
peda! arrangement is the highest. 
(4) common emitter 
(ii) common base 
(iii) common collector 
(iv) none of the above 
28. The phase difference between the input and 
output voltages of a transistor connected in 
common emitter arrangement 1s ........ 
(i) O° (ii) 180° 
(iii) 90° (iv) 270° 
29. The voltage gain of a transistor connected 
ieee arrangement 1s the highest. 
(7) common base (ii) common collector 
(iii) Common emitter 
(iv) none of the above 
30. As the temperature of a transistor goes up, 
the base-emitter resistance ........ 
(i) decreases (ii) increases 
(iii) remains the same 
(iv) none of the above 


31. The voltage gain of a transistor connected 
in common collector arrangement is ....... 
(i) equal to 1 (ii) more than 10 
(iii) more than 100 (iv) less than 1 
32. The phase difference between the input and 
output voltages of a transistor connected in 
common collector arrangement is ........ 


(7) 180° (ii) O° 
(iii) 90° (iv) 270° 
Soe a= Pl hee 
Gi) Logo (ii) Io 
(iii) Logo (iv) OL, 
_ a 
34. [a= <a Dats heglat 
@) Logo (i) Logo 
Giii) Ip (iv) d-a)J, 
35. 1,= — 1,4 =~ 
fC l-a % 1-a@ 
@) Logo (i) Logo 
Giii) Ip (iv) I, 
36. BC 147 transistor indicates that it 1s made 
OF Sees 
(i) germanium (ii) silicon 
(iii) carbon (iv) none of the above 
Shodaaa (as: ) lege 
@) B Gi) l+a 
Gii) 1+6 (iv) none of the above 


38. A transistor 1s connected in CB mode. If it 
is now connected in CE mode with same bias 
voltages, the values of J, /, and J, will .... 
(i) remain the same 
(ii) increase 


(iii) decrease (iv) none of the above 
39. If the value of ois 0.9, then value of Bis........ 
(i) 9 (ii) 0.9 
(iii) 900 (iv) 90 
40. In a transistor, signal 1s transferred from a 
pana circuit. 


(i) high resistance to low resistance 
(ii) low resistance to high resistance 
(iii) high resistance to high resistance 
(iv) low resistance to low resistance 
41. The arrow in the symbol of a transistor indi- 
cates the direction of ......... 
(i) electron current in the emitter 
(ii) electron current 1n the collector 
(iii) hole current in the emitter 
(iv) donor ion current 
42. The leakage current in CE arrangement 1s 
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eis that in CB arrangement. the manufacture of a transistor 1s ........ 
(¢) more than (ii) less than (@) germanium (ii) silicon 
(iii) thesameas (iv) none of the above (iii) carbon (iv) none of the above 
43. A heat sink is generally used with a transis- | 45. The collector-base junction in a transistor 
tor to ........ has ........ 
(i) increase the forward current (i) forward bias at all times 
(ii) decrease the forward current (ii) reverse bias at all times 
(iii) compensate for excessive doping (iii) lowresistance 
(iv) prevent excessive temperature rise (iv) none of the above 


44. The most commonly used semiconductor in 


Answers to Multiple-Choice Questions 


. (iv) . (iii) 4. (i) 
. . (ii) 9, (ii) 
. (ii) . (iii) 14. (i) 
. (iii) rae 19. (iv) 
. (iii) . th 24. (ii) 
. fi) . (ii) 29. (iii) 
. (ii) . (iii) 34. (i) 
. (iii) . fi 39. (iv) 
.@ . (iv) 44. (ii) 


Chapter Review Topics 


1. What is a transistor ? Why is it so called ? 


oo 


10. 
11. 


12. 
13. 
14. 


Draw the symbol of npn and pnp transistor and specify the leads. 


Show by means of a diagram how you normally connect external batteries in (2) pnp transistor (17) npn 
transistor. 


Describe the transistor action in detail. 

Explain the operation of transistor as an amplifier. 
Name the three possible transistor connections. 
Define a. Show that it is always less than unity. 


Draw the input and output characteristics of CB connection. What do you infer from these character- 
istics ? 


Define B. Show that : B = ar , 


How will you determine the input and output characteristics of CE connection experimentally ? 


Establish the following relations : 


_ re - 1 
@ Ig = algtI ogo (i) Io = 7 la + [TI cBo 


(Vv) Tp = (Bt+I)Ig+ Bt 1) Lego 
How will you draw d.c. load line on the output characteristics of a transistor ? What is its importance? 


Explain the following terms : (7) voltage gain (77) power gain (iii) effective collector load. 


Write short notes on the following : (7) advantages of transistors (i7) operating point (iii) d.c. load line. 
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Problems 
1. Ina transistor if [= 4.9mA and J, = S5mA, what is the value of a ? [0.98] 
2. Ina transistor circuit, /, = 1mA and/.=0.9mA. What is the value of J, ? [0.1 mA] 
3. Find the value of B if a = 0.99. [100] 
4. Ina transistor, B = 45, the voltage across 5kQ resistance which is connected in the collector circuit is 
5 volts. Find the base current. [0.022 mA] 
5. Ina transistor, J, =68 pA, /J,=30 mA and B=440. Find the value of w. Hence determine the value 
of In. [0.99 ; 29.92 mA] 
6. The maximum collector current that a transistor can carry is 500 mA. If 6 = 300, what is the maxi- 
mum allowable base current for the device ? [1.67 mA] 


7. For the circuit shown in Fig. 8.69, draw the d.c. load line. 


Ic 


NO 
SIGNAL 


Fig. 8.69 


8. Draw the d.c. load line for Fig. 8.70. 
[The end points of load line are 6.06 mA and 20 V] 


+20 V +5 “1 
3.3 kO Re 470 Q Re 
+10 V +5Vo— 
1MQ 680 kQ 
Fig. 8.70 Fig. 8.71 


9. Ifthe collector resistance R, in Fig. 8.70 is reduced to 1 kQ, what happens to the d.c. load 
line ? 
[The end points of d.c. load line are now 20 mA and 20 V| 
10. Draw the d.c. load line for Fig. 8.71. 
[The end points of d.c. load line are 10.6 mA and 5V] 
11. Ifthe collector resistance RK, in Fig. 8.71 is increased to 1 kQ, what happens to the d.c. load 
line ? 
[The end points of d.c. load line are now 5 mA and 5 V] 
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12. Determine the intercept points of the d.c. load line on the vertical and horizontal axes of the 
collector curves in Fig. 8.72. [2 mA; 20 V] 


13. For the circuit shown in Fig. 8.73, find (2) the state of the transistor and (i/) transistor power. 
[(i) active (11) 4.52 mW] 


Voc 
+ 15V 


I 


Fig. 8.73 Fig. 8.74 
14. A base current of 50 UA is applied to the transistor in Fig. 8.74 and a voltage of 5V 1s 
dropped across R,.. Calculate o for the transistor. [0.99] 
15. A certain transistor is to be operated at a collector current of 50 mA. How high can V’., go without 
exceeding P,, ones of 1.2 W ? [24 V] 


Discussion Questions 
. Why isa transistor low powered device ? 
. What is the significance of arrow 1n the transistor symbol ? 


. Why 1s collector wider than emitter and base ? 


. Why 1s collector current slightly less than emitter current ? 


. Why is base made thin ? 
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INTRODUCTION 


4 : ‘ee basic function of transistor is to do amplifica- 
tion. The weak signal is given to the base of the 
transistor and amplified output is obtained in the 

collector circuit. One important requirement during 
amplification is that only the magnitude of the signal 
should increase and there should be no change in signal 
shape. This increase in magnitude of the signal without 
any change in shape is known as faithful amplification. 
In order to achieve this, means are provided to ensure that 
input circuit (i.e. base-emitter junction) of the transistor 
remains forward biased and output circuit (i.e. collector- 
base junction) always remains reverse biased during all 
parts of the signal. This is known as transistor biasing. In 
this chapter, we shall discuss how transistor biasing helps 
in achieving faithful amplification. 
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9.1 Faithful Amplification 


The process of raising the strength of a weak signal without any change in its general shape is known 
as faithful amplification. 


The theory of transistor reveals that it will function properly if its input circuit (i.e. base-emitter 
junction) remains forward biased and output circuit (i.e. collector-base junction) remains reverse 
biased at all times. This is then the key factor for achieving faithful amplification. To ensure this, the 
following basic conditions must be satisfied : 


(i) Proper zero signal collector current 
(it) Minimum proper base-emitter voltage (V,,) at any instant 
(uit) Minimum proper collector-emitter voltage (V_,) at any instant 


The conditions (i) and (ii) ensure that base-emitter junction shall remain properly forward biased 
during all parts of the signal. On the other hand, condition (iii) ensures that base-collector junction 
shall remain properly reverse biased at all times. In other words, the fulfilment of these conditions 
will ensure that transistor works over the active region of the output characteristics i.e. between 
saturation to cut off. 


(i) Proper zero signal collector current. Consider an npn transistor circuit shown in 
Fig. 9.1 (i). During the positive half-cycle of the signal, base is positive w.r.t. emitter and hence base- 
emitter junction is forward biased. This will cause a base current and much larger collector current to 
flow in the circuit. The result is that positive half-cycle of the signal is amplified in the collector as 
shown. However, during the negative half-cycle of the signal, base-emitter junction is reverse biased 
and hence no current flows in the circuit. The result is that there is no output due to the negative half- 
cycle of the signal. Thus we shall get an amplified output of the signal with its negative half-cycles 


completely cut off which is unfaithful amplification. 
lo=Icti, 


V, 


CC 
UNFAITHFUL FAITHFUL 
AMPLIFICATION AMPLIFICATION 
(i) (ii) 


Fig. 9.1 


Now, introduce a battery source V,,, in the base circuit as shown in Fig. 9.1 (ii). The magnitude 
of this voltage should be such that it keeps the input circuit forward biased even during the peak of 
negative half-cycle of the signal. When no signal is applied, a d.c. current J, will flow in the collector 
circuit due to V,,as shown. This is known as zero signal collector current I. During the positive 
half-cycle of the signal, input circuit is more forward biased and hence collector current increases. 
However, during the negative half-cycle of the signal, the input circuit is less forward biased and 
collector current decreases. In this way, negative half-cycle of the signal also appears in the output 
and hence faithful amplification results. It follows, therefore, that for faithful amplification, proper 
zero signal collector current must flow. The value of zero signal collector current should be atleast 
equal to the maximum collector current due to signal alone i.e. 


194 @ _ Principles of Electronics 


Zero signal collector current => Max. collector current due to signal alone 


Illustration. Suppose a signal applied to the base of a transistor gives a peak collector current of 
ImA. Then zero signal collector current must be atleast equal to 1mA so that even during the peak of 
negative half-cycle of the signal, there is no cut off as shown in Fig. 9.2 (i). 


If zero signal collector current is less, say 0.5 mA as shown in Fig. 9.2 (ii), then some part 
(shaded portion) of the negative half-cycle of signal will be cut off in the output. 


ic(mA) ic (mA) 


1mA 


ZERO SIGNAL J. 


ZERO SIGNAL J. 


(i) (ii) 
Fig. 9.2 
(i) Proper minimum base-emitter voltage. In order to achieve faithful amplification, the 
base-emitter voltage (V,,,) should not fall below 0.5V for germanium transistors and 0.7V for Si 


transistors at any instant. 
lp lp 


0.7 V 
GERMANIUM SILICON 


0.5: ¥ 


(i) (ii) 
Fig. 9.3 


The base current is very small until the *input voltage overcomes the potential barrier at the 
base-emitter junction. The value of this potential barrier is 0.5V for Ge transistors and 0.7V for Si 
transistors as shown in Fig. 9.3. Once the potential barrier is overcome, the base current and hence 
collector current increases sharply. Therefore, if base-emitter voltage V,,, falls below these values 
during any part of the signal, that part will be amplified to lesser extent due to small collector current. 
This will result in unfaithful amplification. 


(ui) Proper minimum V, at any instant. For faithful amplification, the collector-emitter 
voltage V.., should not fall below 0.5V for Ge transistors and 1 V for silicon transistors. This is called 
knee voltage (See Fig. 9.4). 


* In practice, a.c. signals have small voltage level (< 0.1V) and if applied directly will not give any 
collector current. 
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0 1V 
GERMANIUM SILICON 


(7) (ii) 


Fig. 9.4 


When V_, is too low (less than 0.5V for Ge transistors and 1V for Si transistors), the collector- 
base junction is not properly reverse biased. Therefore, the collector cannot attract the charge carri- 
ers emitted by the emitter and hence a greater portion of them goes to the base. This decreases the 
collector current while base current increases. Hence, value of 8 falls. Therefore, if Vp is allowed 
to fall below V,,_, during any part of the signal, that part will be less amplified due to reduced B. This 
will result in unfaithful amplification. However, when V_, is greater than V,__., the collector-base 
junction is properly reverse biased and the value of B remains constant, resulting in faithful amplifi- 
cation. 


9.2 Transistor Biasing 


It has already been discussed that for faithful amplification, a transistor amplifier must satisfy three 
basic conditions, namely : (/) proper zero signal collector current, (ii) proper base-emitter voltage at 
any instant and (iii) proper collector-emitter voltage at any instant. It is the fulfilment of these conditions 
which is known as transistor biasing. 

The proper flow of zero signal collector current and the maintenance of proper collector-emitter 
voltage during the passage of signal is known as transistor biasing. 


The basic purpose of transistor biasing is to keep the base-emitter junction properly forward 
biased and collector-base junction properly reverse biased during the application of signal. This can 
be achieved with a bias battery or associating a circuit with a transistor. The latter method is more 
efficient and is frequently employed. The circuit which provides transistor biasing is known as 
biasing circuit. It may be noted that transistor biasing is very essential for the proper operation of 
transistor in any circuit. 


Example 9.1. An npn silicon transistor has Voc = 6 V and the collector load Re = 2.5 kQ. 
Find : 

(t) The maximum collector current that can be allowed during the application of signal for 
faithful amplification. 

(ii) The minimum zero signal collector current required. 

Solution. Collector supply voltage, V.. = 6V 

Collector load, Ro = 2.5 kQ 
(it) Weknow that for faithful amplification, Vopr Should not be less than 1 V for silicon transistor. 
Max. voltage allowed across R, = 6-1=5V 
Max. allowed collector current = 5 V/Ro = 5 V/2.5kQ = 2mA 
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Veco = 6V 
ie 


Ro= 2.5 kQ 
2 mAe----- 


 — a —— 
SIGNAL ft 
ZERO SIGNAL I, 


0 B 
(i) (ii) 
Fig. 9.5 
Thus, the maximum collector current allowed during any part of the signal is 2 mA. If the 


collector current is allowed to rise above this value, V_., will fall below | V. Consequently, value of 
B will fall, resulting in unfaithful amplification. 


(ii) During the negative peak of the signal, collector current can at the most be allowed to be- 
come zero. As the negative and positive half cycles of the signal are equal, therefore, the change in 
collector current due to these will also be equal but in opposite direction. 


Minimum zero signal collector current required = 2mA/2 = 1mA 
During the positive peak of the signal [point A in Fig. 9.5 (ai)], i, = 1 + 1 = 2mA and during the 
negative peak (point B), 
ic = 1-1=OmA 
Example 9.2. A transistor employs a 4 kQ load and Vc = 13V. What is the maximum input 
signal if B= 100 ? Given V,,,, = 1V and a change of 1V in Vp, causes a change of 5mA in collector 
current. 
Solution. 
Collector supply voltage, Vi. = 13 V 
Knee voltage, V,,,. = 1V 
Collector load, Ro = 4kQ 
Max. allowed voltage across Ro. = 13-1 = 12V 


iA = = —— = 3mA 
Max. allowed collector current, i, R, Ako m 
: le _ 3 = 
Maximum base current, ip = = = —— = 30HA 
B 100 
Now Collector current eer) 
Base voltage (signal voltage) 
— Collectorcurrent . 3mA _ 
Base voltage (signal voltage) 5 mA/V = SmA/V 600 mV 


9.3 Inherent Variations of Transistor Parameters 


In practice, the transistor parameters such as B, Vp, are not the same for every transistor even of the 
same type. To give an example, BC 147 1s a silicon npn transistor with B varying from 100 to 600 i.e. 
8 for one transistor may be 100 and for the other it may be 600, although both of them are BC147. 
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This large variation in parameters is a characteristic 
of transistors. The major reason for these variations 
is that transistor is anew device and manufacturing 
techniques have not too much advanced. For 
instance, it has not been possible to control the 
base width and it may vary, although slightly, from 
one transistor to the other even of the same type. 
Such small variations result in large change in Transistor 
transistor parameters such as B, V,, etc. 


The inherent variations of transistor parameters may change the operating point, resulting in 
unfaithful amplification. It is, therefore, very important that biasing network be so designed that it 
should be able to work with all transistors of one type whatever may be the spread in B or Vz,y. In 
other words, the operating point should be independent of transistor parameters variations. 


9.4 Stabilisation 


The collector current in a transistor changes rapidly when 
(i) the temperature changes, 


(ii) the transistor is replaced by another of the same type. This is due to the inherent variations 
of transistor parameters. 


When the temperature changes or the transistor is replaced, the operating point (i.e. zero signal 
I. and V.,) also changes. However, for faithful amplification, it is essential that operating point 
remains fixed. This necessitates to make the operating point independent of these variations. This is 
known as stabilisation. 

The process of making operating point independent of temperature changes or variations in 
transistor parameters is known as stabilisation. 

Once stabilisation is done, the zero signal J..and V_., become independent of temperature varia- 
tions or replacement of transistor i.e. the operating point is fixed. A good biasing circuit always 
ensures the stabilisation of operating point. 

Need for stabilisation. Stabilisation of the operating point is necessary due to the following reasons : 

(1) Temperature dependence of I. 

(ii) Individual variations 

(ui) Thermal runaway 
(1) Temperature dependence of I... The collector current J. for CE circuit is given by: 
Io = Blptlcgg = Blet+ (B+) Lego 

The collector leakage current I.g, is greatly influenced (especially in germanium transistor) by tem- 
perature changes. Arise of 10°C doubles the collector leakage current which may be as high as 0.2 mA for 
low powered germanium transistors. As biasing conditions in such transistors are generally so set that zero 
signal J..= 1mA, therefore, the change in J, due to temperature variations cannot be tolerated. This 
necessitates to stabilise the operating point i.e. to hold 7. constant inspite of temperature variations. 

(ti) Individual variations. The value of B and V,,, are not exactly the same for any two transis- 
tors even of the same type. Further, V,, itself decreases when temperature increases. When a 
transistor is replaced by another of the same type, these variations change the operating point. This 
necessitates to stabilise the operating point i.e. to hold J. constant irrespective of individual varia- 
tions in transistor parameters. 

(ui) Thermal runaway. The collector current for a CE configuration is given by : 


Io = BIpt+ (B+) Iepo (i) 
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The collector leakage current [..,, is strongly dependent on temperature. The flow of collector 
current produces heat within the transistor. This raises the transistor temperature and if no stabilisation 
is done, the collector leakage current [.,, also increases. It is clear from exp. (i) that if [.,, in- 
creases, the collector current J, increases by (B + 1) I.g5. The increased J, will raise the temperature 
of the transistor, which in turn will cause [.,, to increase. This effect is cumulative and in a matter of 


seconds, the collector current may become very large, causing the transistor to burn out. 

The self-destruction of an unstabilised transistor is known as thermal runaway. 

In order to avoid thermal runaway and consequent destruction of transistor, it is very essential 
that operating point is stabilised i.e. J. is kept constant. In practice, this is done by causing J, to 
decrease automatically with temperature increase by circuit modification. Then decrease in B J, will 
compensate for the increase in (B + 1) J.g5, keeping J. nearly constant. In fact, this is what is always 
aimed at while building and designing a biasing circuit. 


9.5 Essentials of a Transistor Biasing Circuit 


It has already been discussed that transistor biasing is required for faithful amplification. 
The biasing network associated with the transistor should meet the following requirements : 
(i) It should ensure proper zero signal collector current. 


(ui) It should ensure that V., does not fall below 0.5 V for Ge transistors and 1 V for silicon 
transistors at any instant. 


(ui) It should ensure the stabilisation of operating point. 
9.6 Stability Factor 


It is desirable and necessary to keep J. constant in the face of variations of I-g, (sometimes repre- 
sented as 5). The extent to which a biasing circuit is successful in achieving this goal is measured 
by stability factor S. It is defined as under : 


The rate of change of collector current I, w.r.t. the collector leakage current *I_, at constant B 
and I, is called stability factor 7.e. 
dl 


Stability factor, S$ = —— at constant I, and B 
dl eo B 


The stability factor indicates the change in collector current J. due to the change in collector 
leakage current /.,,. Thus a stability factor 50 of a circuit means that J, changes 50 times as much as 
any change in J... In order to achieve greater thermal stability, it is desirable to have as low stability 
factor as possible. The ideal value of S$ is 1 but it is never possible to achieve it in practice. Experi- 
ence shows that values of S exceeding 25 result in unsatisfactory performance. 


The general expression of stability factor for a C.E. configuration can be obtained as under: 


Io = Blpt+(Bt)D eo 
ok ok Differentiating above expression W.KE. | we get, 


dl» dle 
| = Pape) dl. 
diz | 6+) Aco _1 
or 1 = Pare S . dl. § 
ee 5s = —Btl 
1 pl He 
a 


* Tego = Ico = collector leakage current in CB arrangement 
*k Assuming B to be independent of I, 
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9.7 Methods of Transistor Biasing 


In the transistor amplifier circuits drawn so far biasing was done with the aid of a battery V,, which 
was separate from the battery V...used in the output circuit. However, in the interest of simplicity 
and economy, it is desirable that transistor circuit should have a single source of supply—the one in 
the output circuit (i.e. V..). The following are the most commonly used methods of obtaining transis- 
tor biasing from one source of supply (i.e. Voc) : 
(t) Base resistor method 
(ui) Emitter bias method 
(ui) Buiasing with collector-feedback resistor 
(iv) Voltage-divider bias 
In all these methods, the same basic principle 1s employed i.e. required value of base current (and 
hence /[,.) is obtained from V,., in the zero signal conditions. The value of collector load R¢ is 
selected keeping in view that V_,, should not fall below 0.5 V for germanium transistors and | V for 
silicon transistors. 
For example, if B = 100 and the zero signal collector current J, is to be set at !mA, then J, is 
made equal to J../B = 1/100 = 10 pA. Thus, the biasing network should be so designed that a base 
current of 10 WA flows in the zero signal conditions. 


9.8 Base Resistor Method 


In this method, a high resistance R, (several hundred kQ) is 
connected between the base and +ve end of supply for npn 
transistor (See Fig. 9.6) and between base and negative end 
of supply for pnp transistor. Here, the required zero signal 
base current is provided by V_, and it flows through R,. It 
is because now base 1s positive w.rt. emitter i.e. base-emit- 
ter junction is forward biased. The required value of zero 
signal base current J, (and hence J..= B/,) can be made to 
flow by selecting the proper value of base resistor Rp. 


A + Vee 


Circuit analysis. It is required to find the value of R, so 
that required collector current flows in the zero signal condi- 
tions. Let J. be the required zero signal collector current. 


Considering the closed circuit ABENA and applying 
Kirchhoff's voltage law, we get, 


Veo = [pRgt Ver 
Or [pRp = Voc — Ver 
Vo. -V. 
Ry = CC BE .@ 
B 


As V. and I, are known and V,,, can be seen from the transistor manual, therefore, value of R, 
can be readily found from exp. (i). 
Since V,,,1s generally quite small as compared to V.,, the former can be neglected with little 
error. It then follows from exp. (i) that : 
z, = Voc 
Ip 
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It may be noted that V_,.is a fixed known quantity and J, is chosen at some suitable value. Hence, 
R, can always be found directly, and for this reason, this method is sometimes called fixed-bias method. 


Stability factor. As shown in Art. 9.6, 
Stability factor, S$ = = 
ca 
dl. 
In fixed-bias method of biasing, J, is independent of J. so that d/,/dI..= 0. Putting the value of 
dI,/ dl. = in the above expression, we have, 
Stability factor, S = B+ 1 
Thus the stability factor in a fixed bias is (8 + 1). This means that J. changes (B + 1) times as 
much as any change in/,,. For instance, if B = 100, then S = 101 which means that J. increases 101 
times faster than [.5. Due to the large value of S in a fixed bias, it has poor thermal stability. 


Advantages 


(t) This biasing circuit is very simple as only one resistance Rp is required. 
(ui) Biasing conditions can easily be set and the calculations are simple. 


(ui) There is no loading of the source by the biasing circuit since no resistor is employed across 
base-emitter junction. 


Disadvantages 


(i) This method provides poor stabilisation. It is because there is no means to stop a self- 
increase in collector current due to temperature rise and individual variations. For example, if B 
increases due to transistor replacement, then J. also increases by the same factor as J, is constant. 


(i) The stability factor is very high. Therefore, there are strong chances of thermal runaway. 

Due to these disadvantages, this method of biasing is rarely employed. 

Example 9.3. Fig. 9.7 (i) shows biasing with base resistor method. (i) Determine the collec- 
tor current I, and collector-emitter voltage Vj. Neglect small base-emitter voltage. Given 
that B = 50. 

(ii) If Rp in this circuit is changed to 50 kQ., find the new operating point. 


Solution. 


+2V +9V 


Ro=2kQ 


Rp = 100 kQ 


Fig. 9.7 
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In the circuit shown in Fig. 9.7 (i), biasing 1s provided by a battery V,, (= 2V) in the base circuit 
which is separate from the battery V.. (= 9V) used in the output circuit. The same circuit 1s shown in 
a simplified way in Fig. 9.7 (ii). Here, we need show only the supply voltages, +2V and +9V. It may 
be noted that negative terminals of the power supplies are grounded to get a complete path of current. 


(i) Referring to Fig.9.7 (ii) and applying Kirchhoff ’s voltage law to the circuit ABEN, we get, 
[pRpt Ver = 2V 
As Vz, 1s negligible, 
| 1 = WL VL 
a R, 100 kQ 
Collector current, 1. = BI, = 50X20 HA = 1000HA = I1mA 
Applying Kirchhoff's voltage law to the circuit DEN, we get, 
[-Rot+ Veep = 9 
or ImAx2kQ+V.,. = 9 
or Vep = 9-2=7V 


(ii) When R, is made equal to 50 kQ, then it is easy to see that base current is doubled i.e. 
T,= 40 pA. 


Collector current, I. = Bl, = 50x40 = 2000 HA = 2mA 
Collector-emitter voltage, Var = Voco-IcRe = 9-2MAX2kQ = 5V 
New operating point is 5 V, 2 mA. 


Example 9.4. Fig. 9.8 (i) shows that a silicon transistor with B = 100 is biased by base resistor 
method. Draw the d.c. load line and determine the operating point. What is the stability factor ? 


Solution. Veco = OV, Rp = 530 kQ, Ro = 2 kQ 
D.C. load line. Referring to Fig. 9.8), Verp=Vece-IeRe 


When J. = 0, Var = Vec = 6 V. This locates the first point B (OB = 6V) of the load line on 
collector-emitter voltage axis as shown in Fig. 9.8 (ii). 


When Vo, = 0, [6= Ve/Reo = 6V/2kQ = 3mA. This locates the second point A (OA = 3mA) 
of the load line on the collector current axis. By joining points A and B, d.c. load line AB 1s con- 
structed [See Fig. 9.8 (ii)]. 


+V,.,=6V 
CC Ic 


Fig. 9.8 
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Operating point Q. As it is a silicon transistor, therefore, V,,.=0.7V. Referring to Fig. 9.8 (i), 
it is clear that : 


IpRgt Ver = Voc 


_ Veo ~Ver _ 6 - 9.7) V 


: : 530 kQ 


- R = 10yA 


B 
Collector current, J. = BI, = 10010 = 1000 HA = 1mA 
Collector-emitter voltage, Vip = Voc -IceRe = 6-1 mAxX2kQ =6-2=4V 
Operating point is 4 V, 1 mA. 


Fig. 9.8 (ii) shows the operating point Q on the d.c. load line. Its co-ordinates are ].= |mA and 
Vor = AV. 


Stability factor = B+1 = 100+1 = 101 


Example 9.5. (i) A germanium transistor is to be operated at zero signal I, = 1mA. If the 
collector supply Vcc = 12V, what is the value of R, in the base resistor method ? Take B = 100. 


(ii) If another transistor of the same batch with B = 50 is used, what will be the new value of 
zero signal I. for the same Rp” 


Solution. Veo = 12V, B= 100 
As it is a Ge transistor, therefore, 

Von = 03 V 
(i) Zero signal I, = |mA 


Zero signal I, = I./B = 1 mA/100 = 0.01 mA 
Using the relation, Vig = IpRpt Vor 
Ry = Veco — Ver _ 12-03 
Ip 0.01 mA 
= 11.7 V/0..01 mA = 1170 kQ 
(ii) Now £B = 50 
Again using the relation, Vig = IpRp+ Ver 


1 = Voc = Ver _ 12-03 
7 R, 1170 kQ 


= 11.7 V/1170kQ = 0.01 mA 
Zero signal. = Bl, = 50x0.01 = 0.5 mA 


Comments. It is clear from the above example that with the change in transistor parameter B, the 
zero signal collector current has changed from |!mA to 0.5mA. Therefore, base resistor method 
cannot provide stabilisation. 


Example 9.6. Calculate the values of three currents in the circuit shown in Fig. 9.9. 


Solution. Applying Kirchhoff's voltage law to the base side and taking resistances in kQ and 
currents in mA, we have, 
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Fig. 9.9 


Veco = [pRat Vart+ipX 1 


or 10 = 1000 J,+ *0+ Ut Ip) 
or 10 = 1000 I, + (BI, + Ip) 
or 10 = 1000 J, + (100 I, + Ip) 
or 10 = 11017, 


Iz, = 10/1101 = 0.0091 mA 
I. = BIp = 100 x0.0091 = 0.91 mA 
I, = I.+I, = 0.91 40.0091 = 0.919 mA 


Example 9.7. Design base resistor bias circuit for a CE amplifier such that operating point is 
Vop = 8V and I..= 2 mA. You are supplied with a fixed I5V d.c. supply and a silicon transistor with 
B = 100. Take base-emitter voltage V,,,, = 0.6V. Calculate also the value of load resistance that 
would be employed. 


Solution. Fig. 9.10 shows CE amplifier using base resistor +Voc=15V 
method of biasing. 


Veco = 15 V;B= 100; Vz, =0.6V 
= 8V;/[.=2mA;Ro=?; Rp=? 


Veo = Veg tle Re 


or ISV = 8V+2mAXR, 
_ d5-—8) V _ 
Ro = jaa = 3.5 kQ 


I, = I,/B = 2/100 = 0.02mA 


Voc = [gkgt Vee 


* Neglecting V,,, as it is generally very small. 
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— Veo ~ Ver . 5-06) V _ 
Xp = i =" ok 


Example 9.8. A *base bias circuit in Fig. 9.11 
is subjected to an increase in temperature from 25°C 
to 75°C. If B = 100 at 25°C and 150 at 75°C, deter- 
mine the percentage change in Q-point values (Vc, 199 KQ 
and I.) over this temperature range. Neglect any 
change in V,,, and the effects of any leakage cur- 
rent. 


Solution. 
At 25°C 
_ Voc _ Ver 
I, = R, 
12V—-—0.7V 5 ‘i 
= —immtro =0.113 = 

100 kQ . Fig. 9.11 
. Io = Bl,= 100 x 0.113 mA= 11.3 mA 
and Vor = Veco-T eRe = 12V — (11.3 mA) (560Q) = 5.67V 
At 75 °C 

— Veo ~ Veg _ 12V-0.7V _ 
In = R, = 100 kQ =0.113 mA 

Re Io = Blp=150x0.113 mA=17mA 
and Voge = Veco Re = 12V - (17 mA) (560 ) = 2.48V 

I ° = I ° 
Yage change inl. = COE) EO =X 100 

Ic 25°C) 
17 mA - 11.3 mA 
= ——_———— x]100 = 
113 mA 50% (increase) 


Note that J, changes by the same percentage as B. 


VE 75°C) Voce 25°C 
Yoage change in Vi, = ee 100 
CE (25°C) 


2.48V — 5.67V 
5.67V 
Comments. It is clear from the above example that Q-point is extremely dependent on Bina 
base bias circuit. Therefore, base bias circuit is very unstable. Consequently, this method is normally 
not used if linear operation is required. However, it can be used for switching operation. 


x 100 = — 56.3% (decrease) 


Example 9.9. In base bias method, how Q-point is affected by changes in Vz, and I op: 
Solution. In addition to being affected by change in B, the Q-point is also affected by changes in 
V pr and Igo in the base bias method. 


(1) Effect of V,,. The base-emitter-voltage V,, decreases with the increase in temperature 
(and vice-versa). The expression for /,1n base bias method is given by ; 


Voc a Ver 


- Note that base resistor method is also called base bias method. 
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It is clear that decrease in V,,, increases /,. This will shift the 
Q-point = Bl, and Vip = Vec—1-R-). The effect of change in 
Vor 1S negligible if V..>> Vp, (V_- atleast 10 times greater than 
Vin): 

(iu) Effect of I-25. The reverse leakage current [.,, has the 
effect of decreasing the net base current and thus increasing the 
base voltage. It is because the flow of Ip, creates a voltage drop 
across Rp that adds to the base voltage as shown in Fig. 9.12. 
Therefore, change in [..p, shifts the Q-point of the base bias cir- 
cuit. However, in modern transistors, [.p, 18 usually less than 100 
nA and its effect on the bias is negligible if Vaz >> Togo Rp. Fig. 9.12 


Example 9.10. Fig. 9.13 (i) shows the base resistor transistor circuit. The device (i.e. transis- 
tor) has the characteristics shown in Fig. 9.13 (ii). Determine Vg, Ro and Rp. 


+ Vcc 


(ii) 


Fig. 9.13 


Solution. From the d.c load line, V..= 20V. 


Max./. = Yee (when V_.,= OV) 
ss 6 Ro CE 
Veco _ 20V 
Rc = Max. I, ~ &mA = 2.5 kQ 
Voc a Ver 
No | ie 
WwW B R, 
Voc _ Vor _ 20V = 0.7V = 19.3V 
Example 9.11. What fault is indicated in (i) Fig. 9.14 (i) and (ii) Fig. 9.14 (ii) ? 


Solution. 

(i) The obvious fault in Fig. 9.14 (i) is that the base is internally open. It is because 3V at the 
base and 9V at the collector mean that transistor is in cut-off state. 

(ui) The obvious fault in Fig. 9.14 (i) is that collector is internally open. The voltage at the 
base is correct. The voltage of 9V appears at the collector because the ‘open’ prevents collector 
current. 
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+9V 


+3V B = 200 43V B = 200 


Fig. 9.14 
9.9 Emitter Bias Circuit 


Fig. 9.15 shows the emitter bias circuit. This circuit differs from base-bias circuit in two important 
respects. First, it uses two separate d.c. voltage sources ; one positive (+ V_..) and the other negative 
(— V,,). Normally, the two supply voltages will be equal. For example, if V..=+ 20V (d.c.), then V,., 
= — 20V (d.c.). Secondly, there is a resistor R, in the emitter circuit. 


Fig. 9.15 Fig. 9.16 


We shall first redraw the circuit in Fig. 9.15 as it usually appears on schematic diagrams. This 
means deleting the battery symbols as shown in Fig. 9.16. All the information is still (See Fig. 9.16) 
on the diagram except that it is in condensed form. That is a negative supply voltage — V,,,,is applied 
to the bottom of R, and a positive voltage of + V., to the top of Re. 


9.10 Circuit Analysis of Emitter Bias 


Fig. 9.16 shows the emitter bias circuit. We shall find the Q-point values (i.e. d.c. J.and d.c. V..,) for 
this circuit. 


(¢) Collector current (J,.). Applying Kirchhoff’s voltage law to the base-emitter circuit in Fig. 
9.16, we have, 


— Tp Rp-Vep— le Ret Veg =9 
Vig = Lp Ret Vert LR 
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Now Jo2/,andIl, = Blip -. ip2 t 


Putting J, = J,/B in the above equation, we have, 


. _ (1 : 
Van 7 2) Rp tigRpt VE 
or Voe—Var = 1, (Rp/B+RD 
= View — Vee 
ER, + Rg/B 
Since J, = I, we have, 
i. = View = Ver 
COR, + Ryg/B 


(ii) Collector-emitter voltage (V_.). Fig. 9.17 shows the various voltages of the emitter bias 
circuit w.r.t. ground. +Vee 


Emitter voltage w.r.t. ground 1s 


Ve = lag tine 
Base voltage w.r.t. ground is 
Vp = Vor V oe 


Collector voltage w.r.t. ground 1s 
Vo = Vee le Re 
Subtracting I, from J’, and using the approximation J, ~ J,,, we have, 
Vo g = Vee le Ro) — CV gg tLe Re) Cele = Lo) 
ur Vor = VootV gp lo Ro + Rp) 
Alternatively. Applying Kirchhoff’s voltage law to the collector side of the emitter bias circuit 
in Fig. 9.16 (Refer back), we have, 


Voo Le Re -—Veg—Lo* Ret Vig = 0 


oF Vor = Voot Vag —Lo Ro + Kz) 
Stability of Emitter bias. The expression for collector current J, for the emitter bias circuit is 
given by ; 
i eo View — Veg 
reer ererereryerr er rrr errr irr rer errr rrr rents [Prone reece Tape ccnepeee Fyecenffipecccrcescccscsssceesccsccsssseescenccasassesseesccassssssesseescesssesneesceanseseeeseeasesesessneescceenseene 
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It is clear that J.is dependent on V,,.and B, both of which change with temperature. 
If R,, >> R,/B, then expression for I. becomes : 
Vie — Vee 
E 
This condition makes J. (= J,,) independent of B. 
If Vig >> Vpp, then I becomes : 


I. = 


V 
Io(=1,) = —2E 
C E R; 


This condition makes J. (= J) independent of Vpp. 

If I. (= I) is independent of B and V,,,, the Q-point is not affected appreciably by the variations 
in these parameters. Thus emitter bias can provide stable Q-point if properly designed. 

Example 9.12. For the emitter bias circuit shown in Fig. 9.18, find 1, 1,V¢ and Vc, for B= 85 
and Vp, = 0.7V. 


+Voo= 20V 


Fig. 9.18 


Solution. 
Ver —Var _ 20V — 0.7V 
Ic=Ip = RL +R,/B 10 kQ +100 kQ/85 = 1/3 mA 
Vo = Veo Ie Re = 20V — (1.73 mA) (4.7 kQ) = 11.9V 
— Vig t 1, R,=—-20V + (1.73 mA) (10 kQ) =— 2.7V 
= Vee = Vo -Ve= 11.9- (-—2.7V) = 14.6V 
Note that operating point (or Q — point) of the circuit is 14.6V, 1.73 mA. 


<x 
II 


Example 9.13. Determine how much the Q-point in Fig. 9.18 (above) will change over a tem- 
perature range where PB increases from 85 to 100 and Vp, decreases from 0.7V to 0.6V. 
Solution. 
For B = 85 and Vz, = 0.7V 
As calculated in the above example, /.= 1.73 mA and V_,, = 14.6V. 
For B = 100 and Vz, = 0.6V 
Ve = Va. 20V — 0.6V _ 19.4V 
lo=Tp = R-+R,/B 10kQ+100kQ/100  11kQ =!-76mA 
Voc Ie Re = 20V — (1.76 mA) (4.7 kQ) = 11.7V 
—Vppt+1,R,= - 20V + (1.76 mA) (10 kQ) =— 2.4V 
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1.76 mA — 1.73 mA 


% age changeinlo = ~ 7 73mA. x 100 = 1.7% (increase) 
14.1V — 14.6V 
J age change in Vczp = —4qqy__ * 100 =—3.5% (decrease) 


9.11 Biasing with Collector Feedback Resistor 


In this method, one end of Rp is connected to the base and the other 
end to the collector as shown in Fig. 9.19. Here, the required zero 
signal base current is determined not by V,, but by the collector- 
base voltage Vp. It is clear that V.., forward biases the base-emitter 
junction and hence base current J, flows through Rp. This causes the 
zero signal collector current to flow in the circuit. 


+ Voc 


Circuit analysis. The required value of R, needed to give the 
zero signal current J. can be determined as follows. Referring to 
Fig. 9.19, 


Veo = *TeRot 1p Rpt Ver 
a R, = Veco — Vee — IcRe 
Ip 
V.- —-Vpr ~BI,R 
= CC “TL, BUC (@ l= B Ip) 
Alternatively, Vi. = Vert Vop 
Or Veep = Vee Vee 
V V- -V I 
2, CB. a, (CE BE, ae 
Rp = I, iy ; where I, B 


It can be shown mathematically that stability factor S for this method of biasing is less than 
(B+ 1) ie. 
Stability factor, S < (B+ 1) 
Therefore, this method provides better thermal stability than the fixed bias. 


Note. It can be easily proved (See **example 9.17) that Q-point values (/, and V ,) for the 
circuit shown in Fig. 9.19 are given by ; 


— Voc ~ Var 
c™ R,/B+ Ro 
and Voge = Veco—leRe 


Advantages 


(¢) It isa simple method as it requires only one resistance Rp. 
(u) This circuit provides some stabilisation of the operating point as discussed below : 
Vee = Veet Veg 
* Actually voltage drop across R= (J, + _I,) Re. 
However, I, << I. Therefore, as a reasonable approximation, we can say that drop across R, = IR. 


** Put R, = 0 for the expression of J, in exmaple 9.17. It is because in the present circuit (Fig. 9.19), there is 
no R.. 
E 
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Suppose the temperature increases. This will increase collector leakage current and hence the 
total collector current. But as soon as collector current increases, V.,, decreases due to greater drop 
across R... The result is that V_., decreases i.e. lesser voltage is available across R,. Hence the base 
current [,, decreases. The smaller J, tends to decrease the collector current to original value. 


Disadvantages 


(i) The circuit does not provide good stabilisation because stability factor is fairly high, though 
it is lesser than that of fixed bias. Therefore, the operating point does change, although to lesser 
extent, due to temperature variations and other effects. 


(ui) This circuit provides a negative feedback which reduces the gain of the amplifier as ex- 
plained hereafter. During the positive half-cycle of the signal, the collector current increases. The 
increased collector current would result in greater voltage drop across R,.. This will reduce the base 
current and hence collector current. 


Example 9.14. Fig. 9.20 shows a silicon transistor biased by collector feedback resistor method. 
Determine the operating point. Given that B = 100. 

Solution. Voc = 20V, Rp= 100 kQ, Ro= 1kQ 

Since it is a silicon transistor, Vp, = 0.7 V. 
. : . 7 + Vee = 20 V 
Assuming /, to be in mA and using the relation, 


Voc Zz Ver —B Ro 


R, = 
Is 1kQ 
or 100 x I, = 20-0.7-100 x1, x 1 
or 200 I, = 19.3 ro 
— 19.3 _ 
or I, = 0 = 0.096 mA 
Collector current, J.= BJ,= 100 x 0.096 = 9.6 mA 
Collector-emitter voltage is 
Vee = Voow lec 
= 20-9.6mA xX 1kQ 
= 10.4V 
Operating point is 10.4 V, 9.6 mA. Fig. 9.20 
Alternatively 
Vie =Vee 20V — 0.7V _ 19.3V 


lc = R,/B+R-, 100kQN00+1kQ 2kQ =7-65mA 
Vor = Vec-lo Ro = 20V — 9.65 mA x 1 kQ = 10.35V 

A very slight difference in the values is due to manipulation of calculations. 

Example 9.15. (i) It is required to set the operating point by biasing with collector feedback 
resistor at I, = ImA, V., = 8V. If B = 100, Voc = 12V, Vp, = 0.3V, how will you do it ? 

(ii) What will be the new operating point if B = 50, all other circuit values remaining the 
same ? 

Solution. Veo = 12V, Veg = 8V, [6 = ImA 

B = 100, Vp-p = 0.3V 
(t) To obtain the required operating point, we should find the value of Rp. 
Now, collector load is 
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Also I, = ¢ = st = 0.01 mA 
Using the relation, Rp = Yec = Pip Re 
B 
7 12 — 0.3 ——— -~ 70 kO 


(iti) Now B= SO, and other circuit values remain the same. 


Veo = Vert lpRet BlgRe 


or 12 = 0.34], (Rpt+ BRO) 

or 11.7 = I,(770 +50 x 4) 

or In = ee 0.012 mA 
970 kQ 


Collector current, J. = BJ, = 50x0.012 = 0.6mA 
Collector-emitter voltage, Ver = Veco -lcRe = 12-06 mAx4kQ = 96V 
New operating point is 9.6 V, 0.6 mA. 


Comments. It may be seen that operating point is changed when a new transistor with lesser B is 
used. Therefore, biasing with collector feedback resistor does not provide very good stabilisation. It 
may be noted, however, that change in operating point is less than that of base resistor method. 


Example 9.16. It is desired to set the operating point at + Voc 
2V, ImA by biasing a silicon transistor with collector 
feedback resistor R,. If B = 100, find the value of Rp. 


Solution. 


For a silicon transistor, 


Ver = 0.7 V 
Io 

I = B = 1/100 = 0.01 mA 
Now Vor = Vart Veg 
or 2 = 0.7+ Vop 

Veg = 2-07 = 13V 

— Vopg _ 1.3V _ 
Xp = I, O01mA — ee 


Example 9.17. Find the Q-point values (I, and V.,) for the collector feedback bias circuit 
shown in Fig. 9.22. 

Solution. Fig. 9.22 shows the currents in the three resistors (R., Rp, and R,) in the circuit. By 
following the path through Vic, Ro, Rp, Vp, and R, and applying Kirchhoff’s voltage law, we have, 


Voo— Ue + Ip) Re -— Ig Ra — Ver— lp Re =9 
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I - 
Now [pt To Ici Tp Ic and Ip= Voc Pol 
Ic 
Veo—1eRe- B Rp- Vep—T ce Rp = 0 
R 
Tc (Ret B + Ro) = Veo Vag 
i. = Veco ~ Var 


CR, + Rg /B+ Ro 
Putting the given circuit values, we have, 
12V -—0.7V 
1 kQ + 400 kQ/100 + 4 kQ 


11.3V 


Vor = Vec~ Ic (Rc + Rr) 
= 12V—1.26 mA (4kQ + 1 kQ) 
= 12V-6.3V=5.7V 
The operating point is 5.7V, 1.26 mA. 


Example 9.18. Find the d.c. bias values for the collector-feedback biasing circuit shown in Fig. 
9.23. How does the circuit maintain a stable Q point against temperature variations ? 


Solution. The collector current is 
Veco — Ver 
R, + Rz/B+ Re 
10V —0.7V 
~ 0+100 kQ/100 + 10 kQ 


9.3V 
= 71kK0 = (1).845 mA 


= Voc 7 le Re 

= 10V-—0.845 mA x 10 kQ 

= 10V-8.45V=1.55V 
Operating point is 1.55V, 0.845 mA. 

Stability of Q-point. We know that B varies directly with tem- 
perature and V,,,, varies inversely with temperature. As the tempera- 
ture goes up, B goes up and V,, goes down. The increase in B in- 
creases I. (= BI). The decrease in V,, increases J, which in turn increases J... As J. tries to increase, 
the voltage drop across R, (= I, R,) also tries to increases. This tends to reduce collector voltage V,. 
(See Fig. 9.23) and, therefore, the voltage across Rp. The reduced voltage across R, reduces J, and 
offsets the attempted increase in J, and attempted decrease in V,.. The result is that the collector- 
feedback circuit maintains a stable Q-point. The reverse action occurs when the temperature de- 
creases. 


9.12 Voltage Divider Bias Method 


Vcc 
I c= 


Vor 


This is the most widely used method of providing biasing and stabilisation to a transistor. In this 
method, two resistances R, and R, are connected across the supply voltage V.. (See Fig. 9.24) and 
provide biasing. The emitter resistance R, provides stabilisation. The name “voltage divider” comes 
from the voltage divider formed by R, and R,. The voltage drop across R, forward biases the base- 
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emitter junction. This causes the base current and hence collector current flow in the zero signal 


conditions. 


+ Veo 


Fig. 9.24 


Circuit analysis. Suppose that the current flowing through resistance R, is J,. As base current 
[is very small, therefore, it can be assumed with reasonable accuracy that current flowing through R, 


is also I. 
(t) Collector current I, : 


L = Voc 
1 R, +R, 


Voltage across resistance R, is 


V, 
”2 = c +R JF 
1 pi 


Applying Kirchhoff's voltage law to the base circuit of Fig. 9.24, 


V, = Vert Ve 
or V, = Vert lp Re 
VY, -—V 
or t.. = ~—# 
E R; 


Since I, =~ Io 
V, —V 
—— (i) 
E 
It is clear from exp. (i) above that J. does not at all depend upon B. Though J. depends upon V,, 
but in practice V, >> Vp, so that J. is practically independent of V,,. Thus /..in this circuit is almost 


independent of transistor parameters and hence good stabilisation is ensured. It is due to this reason 
that potential divider bias has become universal method for providing transistor biasing. 


(uw) Collector-emitter voltage V.,. Applying Kirchhoff's voltage law to the collector side, 


Io = 


Voce = [eRot Vert [eRe 
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I. Ret Vent loRp (1,21 
To (Ro+ Ry) + Ver 
Vee = Veco- Ie (Re + Rg) 


Stabilisation. In this circuit, excellent stabilisation is provided by R,. Consideration of eq. (i) 
reveals this fact. 


V, = Vert lOR, 


Suppose the collector current /.. increases due to rise in temperature. This will cause the voltage 
drop across emitter resistance R, to increase. As voltage drop across R, (i.e. V,) is “independent of 
I, therefore, Vz, decreases. This in turn causes [, to decrease. The reduced value of J, tends to 
restore J. to the original value. 


Stability factor. It can be shown mathematically (See Art. 9.13) that stability factor of the 
circuit is given by : 


(B + 1) (R, + Rp) cc 
Stability factor, S = = > >- rap iy : 
y R, +R, + BR, : 
a x th 
= (B+1)x = * 10kQ2 re 
B+1+—2% ref T 
R, R, ii i 7 
where Rp = R +R, ry B=300 * 
: : R, Re Ls 
If the ratio R,/R, is very small, then R,/R, can be F 4.7kQ A70kQ 
neglected as compared to 1 and the stability factor r r 
becomes : - 1 A voltage divider biased transistor with 
Stability factor = (8 +1) x B41 = | correct voltages 


This is the smallest possible value of S and leads to the maximum possible thermal stability. Due to 
design **considerations, R,/ R, has a value that cannot be neglected as compared to 1. In actual 
practice, the circuit may have stability factor around 10. 


Example 9.19. Fig. 9.25 (i) shows the voltage divider bias method. Draw the d.c. load line and 
determine the operating point. Assume the transistor to be of silicon. 
Solution. 
d.c. load line. The collector-emitter voltage V_., is given by : 
Vor = Voo7 Ic (Ret Re) 
When [.=0, Vog = Vec= I5V. This locates the first point B (OB = 15V) of the load line on the 
collector-emitter voltage axis. Veo 15 V 


When Vz = 9, IC R.+R,  G+2kQ~°™ 


This locates the second point A (OA = 5 mA) of the load line on the collector current axis. By 
joining points A and B, the d.c. load line AB is constructed as shown in Fig. 9.25 (ii). 


* Voltage drop across R, = [ Vee R, 
R, + Ry 
Low value of R, can be obtained by making R, very small. But with low value of R,, current drawn from 
Voc will be large. This puts restrictions on the choice of R,. Increasing the value of R, requires greater 
Vcc in order to maintain the same value of zero signal collector current. Therefore, the ratio R,/R, 
cannot be made very small from design point of view. 
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+ Voco= 15 V 
1kQ 5 mA 
c 2.15 mA 
2 kQ 
(7) (ii) 
Fig. 9.25 
Operating point. For silicon transistor, 
Ver = 0.7 V 
Voltage across 5 kQ is 
Voc 5x5 
= = =~ 5V 
m= 1945*%? = 1045 ~> 
V,—-Vep _ 5-0.7 — 43V 
Emitter current, J, = R, = 3kO ~ dkO = 2.15 mA 


Collector current is 
[.2l, = 2.15 mA 


Collector-emitter voltage, Vig = Vec-I¢ (Rot Rp) 
= 15-2.15mAXx3kQ = 15 -6.45 = 8.55 V 
Operating point is 8.55 V, 2.15 mA. 


Fig.9.25 (ii) shows the operating point Q on the load line. Its co-ordinates are J. = 2.15 mA, 
Vor = 8.55 V. 


Example 9.20. Determine the operating point of the circuit shown in the previous problem by 
using Thevenin's theorem. 


Solution. The circuit is redrawn and shown in Fig. 9.26 (i) for facility of reference. The d.c. 
circuit to the left of base terminal B can be replaced by Thevenin’s equivalent circuit shown in Fig. 
9.26 (ii). Looking to the left from the base terminal B [See Fig. 9.26 (1)], Thevenin's equivalent 


voltage E, is given by : 
Voc _ {45 = 
=o Mee |R, 7 Cre =x 


Again looking to the left from the base terminal B [See Fig. 9.26 (i)], Thevenin's equivalent 
resistance R, is given by : 


RK, k, 
Ky eR, 
Fig. 9.26 (ii) shows the replacement of bias portion of the circuit of Fig. 9.26 (i) by its Thevenin's 
equivalent. 


Ry = 
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+Voc=15V t Voc 15 V 


(7) (ii) 


Fig. 9.26 
Referring to Fig. 9.26 (ii), we have, 
Ey = [pRot+ Vert leRe = [pRot+ Vert I CRE (. 1, I) 
= [,Ry+ Ver t+ BlpRe= Tp (Ryo t+ BRE) + Ver 
EV, 
or I, = 0 BE 
R,+BR-z 
Ea =v. 
Collector current, J, = BI, = B(Ey ~ Var) 
R,+BR; 
Dividing the numerator and denominator of R.H.S. by B, we get, 
i. = Ey — Ver 
Cc” R 
7 + R, 


As *R,/B << R,, therefore, R,/B may be neglected as compared to R,. 
EE =V, 5 — 0.7 
_ = —e. = 3yQ = 2-15 mA 
Veo —Ie (Ret Re) = 15-2.15 mA x3k Q 
15 —6.45 = 855 V 
Operating point is 8.55 V, 2.15 mA. 

Example 9.21. A transistor uses potential divider method of biasing. R, = 50 k82, R, = 10 kQ 
and R,, = 1k92. If Voc = 12 V, find: 

(i) the value of I; given Vz,,= O.1V 

(ii) the value of I, ; given Vy, = 0.3V. Comment on the result. 
50 kQ, R,= 10kQ,R,p=1kKQ,VQ6 =12V 


VE 


Solution. R, 
(1) When V,,=0.1 V, 


Voltage across R,, V, = ——x2=2V 


Collector current, 1. = 2" BE _ — = 19mA 


* In fact, this condition means that J, is very small as compared to J,, the current flowing through R, and R,,. 
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(ii) When V,,=0.3 V, 
Collector current, I, = Vi ~ Vee _ —= = 1.7mA 


Comments. From the above example, it is clear that although V,, varies by 300%, the value of 
[changes only by nearly 10%. This explains that in this method, /..is almost independent of transis- 
tor parameter variations. 


Example 9.22. Calculate the emitter current in the voltage divider circuit shown in Fig. 9.27. 
Also find the value of V, and collector potential V.. 


Solution. 
Voltage across R,,V, = (s ; =) 2 ( ri a 10 = 10V 
Now V, = Vert, R, 
As Vpp is generally small, therefore, it can be neglected. 
V~, 10V 
ly = R, 7 5KQ = 74 
Now [.=1T, = 2mA 
Vee = Vecwle (Rot Re) = 20 -2mA (6 kQ) 
= 20-12 =8V 
Collector potential, Ve= Voco-I¢Re = 20-2mAx1kQ 
= 20-2= 18V 


9.13 Stability Factor For Potential Divider Bias 


We have already seen (See example 9.20) how to replace the potential divider circuit of potential 
divider bias by Thevenin’s equivalent circuit. The resulting potential divider bias circuit is redrawn in 
Fig. 9.28 in order to find the stability factor S for this biasing circuit. Referring to Fig. 9.28 and 
applying Kirchhoff’s voltage law to the base circuit, we have, 
Eo— 1g Ro- Veg — 1p Re = 0 
or Eo = [pRot Ver t+ Upt lo) Re 
Considering Vp, to be constant and differentiating the above equation w.r.t. [., we have, 


dl, dl , 
0 = Ro at, 1 O + Re ap. + Be 
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dl 
or 0 = a. (Ro +R,) +R; 
ae 7 Re (i) 
dl _ R, + R; oe 


Fig. 9.28 
The general expression for stability factor is 
+1 
Stability factor, S$ = ae 
1p He 
dl. 
Putting the value of d/,/dI. from eq. (i) into the expression for S, we have, 
: B+1 _ B+1 
—~  Rt:t~<“‘<i CORR 
ad deere 1+( Pee 
R, + R, R, + Re 


(+1) (Ro+Rp) (+) (R + Re) 


R,+R,-+BR, Ry +R, B+D 
Ro + R 
+ 1 UF 
(B+DX 2B BaneR, 
Dividing the numerator and denominator of R.H.S. of the above equation by R,, we have, 


1+ R)/R 
_ 1) x ———_0-E (UL 
as * BaT+ RIR, ) 
Eq. (ii) gives the formula for the stability factor S$ for the potential divider bias circuit. The 
following points may be noted carefully : 


S 


(i) For greater thermal stability, the value of S should be small. This can be achieved by making 
R,/R,, small. If R,)/R, is made very small, then it can be neglected as compared to 1. 


] 
a ear es 


This is the ideal value of S and leads to the maximum thermal stability. 


=] 


(ii) The ratio *R,/R,,can be made very small by decreasing R, and increasing R,. Low value of 


RR 
* Remember, R, = Thevenin’s equivalent resistance = R p = 
1 
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R, can be obtained by making R, very small. But with low value of R,, current drawn from V_.,. will 
be large. This puts restriction on the choice of R,. Increasing the value of R,, requires greater V..in 
order to maintain the same zero signal collector current. Due to these limitations, a compromise is 
made in the selection of the values of R, and R,. Generally, these values are so selected that S ~ 10. 


Example 9.23. For the circuit shown in Fig. 9.29 (i), find the operating point. What is the 


stability factor of the circuit ? Given that B = 50 and Vp, = 0.7V. 


+ Voc= 12 V 


(ii) 
Fig. 9.29 


Solution. Fig. 9.29 (7) shows the circuit of potential divider bias whereas Fig. 9.29 (ii) shows it 


with potential divider circuit replaced by Thevenin’s equivalent circuit. 


Mec y= _V_ ying a _agy 


= x 
Ao = R+R, 2 150kQ +100 kQ 


R,R, _ 150 kQ x 100 kQ 
Ko = R +R, 150kQ+100kQ = OOK 


I. = Fo — Ver 
B™ R,+BR, 
__ 48N-OIV  _ _41V 
= 60kQ+50x22kQ 170kQ =9-024mA 


Now I. = Bl, =50 x 0.024 = 1.2 mA 
a = Voco- Ic (Re + Rp) 
= 12V—-1.2mA (4.7 kQ + 2.2 kQ) = 3.72V 
Operating point is 3.72V, 1.2 mA. 


Ry 60 kQ 
1+ Ro/R, 
Stability factor, S= (B + 1) x B+i+ RIR, 
27.3 


= (50+ 1)x 59474973 = 18-4 


Note. We can also find the value of J. and V., (See Art. 9.12) as under : 


(See Ex. 9.20) 
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Va — Vee Voc 
I. = —R, where V, = R, +R, x R, 
and Vor = Voec-—Ie (Rc + Rez) 
However, by replacing the potential divider circuit by Thevenin’s equivalent circuit, the expres- 
sion for J. can be found more accurately. If not mentioned in the problem, any one of the two methods 
can be used to obtain the solution. 


Example 9.24. The circuit shown in Fig. 9.30 (i) uses silicon transistor having B = 100. Find 
the operating point and stability factor. 


+Voc=15 V +Voc =15V 


(7) (ii) 
Fig 9.30 


Solution. Fig. 9.30 (i) shows the circuit of potential divider bias whereas Fig. 9.30 (ii) shows it 


with potential divider circuit replaced by Thevenin’s equivalent circuit. 
vee y R= —15V_4 340 = SV x 340 _ sy 
R, + R, 6 kQ +3 kQ 9kQ 


RR, — 6kQx3kQ 


Ro = R+R, 6kQ4+3kQ =7KY 
Ey — Ver 
Now I, = R, + BR; 
5V —0.7V 4.3V 


= 9kQ4+100x1kKQ  102kQ =9-042mA 


ie I. = Bl,= 100 x 0.042 = 4.2 mA 
and Vee = Veco-Ie (Ret Rp) 
= 15V—4.2mA (470Q + 1 kQ) = 8.83V 
Operating point is 8.83V ; 4.2 mA. 
Now Ry /Ry = 2kQ/1kQ=2 
_ 1+ Ro/R, 
Stability factor, S= (B+ 1) x B+1+R,/R, 


Lae 
= (100+ 1)x Jo994-7 49 = 2.94 
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9.14 Design of Transistor Biasing Circuits 


(For low powered transistors) 
In practice, the following steps are taken to design transistor biasing and stabilisation circuits : 

Step 1. Itis acommon practice to take R, = 500 — 100082. Greater the value of R,, better is the 
stabilisation. However, if R, is very large, higher voltage drop across it leaves reduced voltage drop 
across the collector load. Consequently, the output is decreased. Therefore, a compromise has to be 
made in the selection of the value of Rp. 

Step 2. The zero signal current /..is chosen according to the signal swing. However, in the initial 
stages of most transistor amplifiers, zero signal J. = 1mA is sufficient. The major advantages of 
selecting this value are : 

(i) The output impedance of a transistor is very high at 1mA. This increases the voltage gain. 

(ui) There is little danger of overheating as 1mA is quite a small collector current. 

It may be noted here that working the transistor below zero signal J. = I1mA is not advisable 
because of strongly non-linear transistor characteristics. 

Step 3. The values of resistances R, and R, are so selected that current J, flowing through R, and 
R, is atleast 10 times J, i.e. J; 210 I,. When this condition is satisfied, good stabilisation is achieved. 


Step 4. The zero signal /.. should be a little more (say 20%) than the maximum collector current 
swing due to signal. For example, if collector current change is expected to be 3mA due to signal, 
then select zero signal J. ~ 3.5 mA. It is important to note this point. Selecting zero signal [.. below 
this value may cut off a part of negative half-cycle of a signal. On the other hand, selecting a value 
much above this value (say 15mA) may unnecessarily overheat the transistor, resulting in wastage of 
battery power. Moreover, a higher zero signal J. will reduce the value of R, (for same V,), resulting 
in reduced voltage gain. 


Example 9.25. In the circuit shown in Fig. 9.31, the operating point is chosen such that I. = 
2mA, Vor = 3V. If Ro = 2.2 kQ, Vee = 9V and B = 50, determine the values of R,, R, and R,. Take 
Veg = 9.3V and I, = 101. 

Solution. Ro = 2.2kQ, Voc = 9V, B= 50 

Ver = 0.3 V, I, = 101, 
As I, is very small as compared to /,, therefore, we can as- +Voc=9V 
sume with reasonable accuracy that J, flowing through R, also 
flows through R,. 


Io 2 mA 


Base current, /, = —= 
B 50 


Current through R, & R, is 
I, = 107, = 10x0.04 = 0.4mA 


Voc 
Now = R+R, 
V 9V : 
R, +R, = a — OAwA 7 22.5 kQ Fig. 9.31 


Applying Kirchhoff's voltage law to the collector side of the circuit, we get, 
Veo = [CReot Vert leRe 
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or Veo = IcRet Vert IoRp ( Io= Ip) 
or 9 = 2mAX2.2kQ+34+2mMAXxR, 
R, = — = 0.8kQ = 800Q 


Voltage across R,, V, = Var+V,_ = 0.342mA xX 0.8 kQ 
= 0.3+16= 19V 
Resistance R, = V,/I, = 1.9 V/0.4mA = 4.75 kQ 
and R, = 22.5-—4.75 = 17.75 kQ 


Example 9.26. An npn transistor circuit (See Fig. 9.32) has @= 0.985 and Vp, = 0.3V. If Voc = 
16V, calculate R, and R; to place Q point at I, = 2mA, Voy = 6 volts. 


Solution. o& = 0.985, Vpr=0.3V, Voc=16V 


Be eo Se + Voc= 16V 


1 = 1-0.985 — 


Base current, I, = ic = 2mA = 0.03 mA 


B 66 

Voltage across R,,V, = Vprp+ Vz 
= 43V 

Voltage across R, = Voc — V, 
Current through R, & R, is 


0.34+2mA x2kQ 


16-4.3 = 11.7V 


V, 4.3V 
=~ = —— = 0.215mA 
1 = ig 
Rast R = Voltage acrossR, — 11.7 V 
Senne ord) I, ~ 0.215 mA Fig. 9.32 
= 54.4kQ 


Voltage across Ro = Voc- Von - Ve 
16-6-2x2=6V 


Voltage acrossR. — 6V 
; Se 


ll 
| 
Coo 
ay 
re) 


Collector resistance, R- 
a 


Example 9.27. Calculate the exact value of emitter current in the circuit shown in Fig. 9.33 (i). 
Assume the transistor to be of silicon and B = 100. 


Solution. In order to obtain accurate value of emitter current J,,, we shall replace the bias portion 
of the circuit shown in Fig. 9.33 (i) by its Thevenin’s equivalent. Fig. 9.33 (i) shows the desired circuit. 


Looking from the base terminal B to the left, Thevenin's voltage E, is given by : 
R 5 
E, = —?*—V.. = == x15 = 5V 
YOR Ry ~~ IOS 


Again looking from the base terminal B to the left, Thevenin’s resistance R, is given by; 
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10 kQ 1 kQ 
5 kQ 2 kQ 
(i) (ii) 
Fig. 9.33 
ae RR, 7 10x5 _ 50 _ 33kO 


R, + R, 10 +5 15 
Applying Kirchhoff’s voltage law to the base-emitter loop [See Fig. 9.33 (ii)], 
Ey = ipRot Veptigke 
Since J,,~ I, therefore, J, = I,/B. 


Ey = !E RR + Von + [pRp 


B 


(For Si transistor, I’,,=0.7V) 


3.3 
oO. = +72 
gp t*e — 100 
ea 2.11 mA 
~ 2.033kQ °&#™ 


Example 9.28. The potential divider circuit shown in Fig. 9.34 has the values as follows: 
T, = 2MA, In = JOUA, Vpn = 0.20, Ry = 1kQ, R, = 10 kQ and Voc = 10V. Find the value of R, 


Solution. In this problem, we shall consider that currents through R, and R, are different, al- 
though in practice this difference is very small. 


Voltage across R,, 1, = Vp,+/,R, = 0.24+2mAx1kQ 


= 0.242 =2.2V 
V, 22.V 
Current through Rk.,, 1, = R. = oko = 0.22 mA 
2 


Current through R,,/, = 1,+/, = 0.22+0.05 = 0.27 mA 


Voltage across R,, 1) = Vooe—-V, = 10-2.2 = 7.8V 
V 7.8 V 


224 i Principles of Electronics 


ui] 


Fig. 9.34 
Example 9.29. Fig. 9.35 shows the potential divider method of biasing. What will happen if 
(i) resistance R, is shorted (ii) resistance R, is open-circuited 
(iii) resistance R, is shorted (iv) resistance R, is open ? 


Solution. (i) If resistance R, is shorted, the base will be grounded. It will be left without 
forward bias and the transistor will be cut off i.e., output will be zero. 


(1) Ifresistance R, is open, the forward bias will be very high. The collector current will be very 
high while collector-emitter voltage will be very low. 


(ui) If resistance R, is shorted, the transistor will be in saturation due to excessive forward bias. 
The base will be at V.. and emitter will be only slightly below Vo. 


(iv) If R, is open, the transistor will be without forward bias. Hence the transistor will be cut off 
i.e. output will be zero. 


+ Vcc 


I C 
I C(max) 
5 I C(max) O 
| , 
VcE 
= = = O Vee Vcc 


9.15 Mid-Point Biasing 


When an amplifier circuit is so designed that 
operating point Q lies at the centre of d.c. load 
line, the amplifier is said to be midpoint bi- 
ased. When the amplifier 1s mid-point biased, 
the Q-point provides values of J. and V_., that 
are one-half of their maximum possible val- 
ues. This is illustrated in Fig. 9.36. Since the 
Q-point is centred on the load line; 


L=47 


C 7 *C (max) > Veg = 


When a transistor is used as an ampli- 
fier, it is always designed for mid point bias. 
The reason 1s that midpoint biasing allows op- 
timum operation of the amplifier. In other words, 
midpoint biasing provides the largest possible out- 
put. This point is illustrated in Fig. 9.37 where Q- 
point is centred on the load line. 

When an ac signal is applied to the base of the 
transistor, collector current and collector- emitter 
voltage will both vary around their Q-point values. 
Since Q-point is centred, J..and V_,,, can both make 
the maximum possible transitions above and be- 
low their initial dc values. If Q-point is located 
above centre on the load line, the input may cause 
the transistor to saturate. As a result, a part of the 
output wave will be clipped off. Similarly, if Q- 
point is below midpoint on the load line, the input 
may cause the transistor to go into cut off. This 
can also cause a portion of the output to be clipped. 
It follows, therefore, that midpoint biased ampli- 
fier circuit allows the best possible ac operation of 
the circuit. 
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Example 9.30. Determine whether or not the circuit shown in Fig. 9.38 (i) is midpoint biased. 


Solution. Let us first construct the dc load line. 


C (max) Ro 


This locates the point A (OA = 4 mA) of the dc load line. 


Vega = Voo = 8V 


This locates the point B (OB = 8V) of the dc load line. By joining these two points, dc load line 


AB 1s constructed [See Fig. 9.38 (ii)]. 


Operating point. Referring to Fig. 9.38 (7), we have, 
7 Voc ~ Veep _8V-0.7V 
3 = "R360 KQ 


B 


= 20.28 pA 


e Io = BIg = 100 (20.28 pA) = 2.028 mA 
Also Ver = Veo -IeRe = 8 V—(2.028 mA) (2 kQ) = 3.94V 
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Tp 


Rp= 360 kQ 


2 


SILICON 
V cg (VOLTS) 


(i) (ii) 
Fig. 9.38 
Since V., is nearly one-half of V.,, the amplifier circuit is midpoint biased. 


Note. We can determine whether or not the circuit is midpoint biased without drawing the dc 
load line. By definition, a circuit is midpoint biased when the Q-point value of V_,,.is one-half of Vi. 
Therefore, all that you have to do is to find the operating point Q of the circuit. If the Q-point value of 
Vox 1s one-half of V_,, the circuit is midpoint biased. 


Example 9.31. Determine whether or not the circuit shown in Fig. 9.39 is midpoint biased. 


Solution. In order to determine whether the circuit is midpoint biased or not, we shall first find 
the operating point of the circuit. 


+ Voc=10V 

Voltage across R, is 
Voc 

VY. = =~ XR 

2 R, +R, ? 

= —10 1572 184V 

12+ 2.7 

Emitter current is 

i. = V, — Ver 
So 
R,. | 

1.84 —0.7 

= —_ = 6.33 mA = 
180 


Collector current is 


I. = I, = 6.33 mA 


Collector-emitter voltage is 
Vee = Veo Ic (Ret Rp) 
10 — 6.33 (0.62 + 0.18) = 4.94 V 


Since Q-point value of V., is approximately one-half of Vo (= 10 V), the circuit is midpoint 
biased. Note that answer has been obtained without the use of a dc load line. 
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9.16 Which Value of B to be used ? 


While analysing a biasing circuit, we have to refer to the specification sheet for the transistor to 
ini ) and 


obtain the value of B. Normally, the transistor specification sheet lists a minimum value (B,, 
of B. In that case, the geometric average of the two values should be used 


Pa = VB rnin x oan 


Note. If only one value of £ is listed on the specification sheet, we should then use that value 


maximum value (B __,) 


Example 9.32. Find the value of I, for the circuit shown in Fig. 9.40. Given that Bhas a range 
of 100 to 400 when I. = 10 mA. 


Solution. Voltage across R, is 


_ Vee _ 10 = 
V, = R+R, = 15 +068 * 2:6 = 3.12V 


| 


Fig. 9.40 
V, ~~ Ver 3.12 — 0.7 
Emitter current, /, = ———— = —..— = 10mA 
Collector current, J. ~ J, = 10mA 


It is given that B has a range of 100 to 400 when Q-point value of J. is 10mA. 
B.. = VB min x Pax = {100 x 400 = 200 


I; 10 mA 
= ——— — —————— — . 9, 5 
Base current, I, B =] 00 4 1 49.75 pA 


9.17 Miscellaneous Bias Circuits 
In practice, one may find that bias circuits which do not always confirm to the basic forms considered 
in this chapter. There may be slight circuit modifications. However, such bias circuits should not pose 
any problem if the basic approach to transistor biasing is understood. We shall solve a few examples 
to show how the basic concepts of biasing can be applied to any biasing circuit 

Example 9.33. Calculate the operating point of the circuit shown in Fig. 9.41. Given B = 60 


and Vp, = 0.7V. 
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Solution. Such a problem should not pose any difficulty. We are to simply find the d.c. values. 
Note that capacitors behave as open to d.c. Applying Kirchhoff’s voltage law to the path passing 
through Rp, Vp,, KR, and V,,, we have, 


—I_nRg— Vep—le Ret Veg =9 


or Vig = [pRet Vent ICR, (Cv Lp=lo 
or Viee— Ver = 1p Regt Bla Re (-: [.= Blp) 
I, = foe 
B E 
12V -—0.7V 11.3V 
= 120kQ+60x0.510kQ 150.6 kQ =9.075 mA 
Now I. = PIp=60 x 0.075 mA =4.5 mA 
and Ver = Vep—l- (Ret Kz) 


= 12V-4.5 mA (1.5 kQ + 0.510 kQ) = 2.96V 
Operating point is 2.96V, 4.5 mA. 


Example 9.34. Find the operating point for the circuit shown in Fig. 9.42. Assume B = 45 and 
Vieg = 0.7V. 


Fig. 9.42 


Solution. 
VEE 
or I, 
- le 
Also Vier 
VcE 


Transistor Bia sing 


Ip Rgt Var 
Ver ~ Ver _ 9 —0.7)V 
—p ~~ A, oe 8 mA 
R, 100 kQ 
BI, = 45 x 0.083 mA = 3.73 mA 
ToRot Ver 


Vep—I eRe = 9V — (3. 73 mA) (1.2 kQ) = 4.52V 


Operating point is 4.52V, 3.73 mA. 
Example 9.35. Jt is desired to design the biasing circuit of an amplifier in Fig. 9.43 in such a 


+ Voc= 16V 
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way to have an operating point of 6V, 1 mA. If transistor has B= 150, find R,;, Ro R, and R,. Assume 
V pp = 0.7V. 


Solution. We are given V_, Band the operating point. It is desired to find the component values. 


For good design, voltage across R, (i.e., V,,) Should be one-tenth of Vi¢ ie. 


Vie 
Ry 
Now Vec 
Ro 
V, 
Now , 
Also V, 
or 2.3V 


Veco _ 16V _ 

10 ~=—«10 = 1,0N 

V V 1.6V 

—~ = =——— _16kQ 


I, Ic 1mA 
I.Rot Vogt Ve 
Voc = Vee ~Ve _ 16 - 6V -1.6V 
i. 1mA 


Viet Ver = 1640.7 =2.3V 


= 8.4 kQ 


es _ 
19 “(BRe) = 7p (150 x 1.6 kQ) = 24 kQ 


- R, = 143kQ 


This relation stems from / i= 107 B 
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9.18 Silicon Versus Germanium 


Although both silicon and germanium are used in semiconductor devices, the present day trend is to 
use silicon. The main reasons for this are : 


(t) Smaller I-p9. At room temperature, a silicon crystal has fewer free electrons than a germanium 
crystal. This implies that silicon will have much smaller collector cut off current (/.,,) than that of germa- 
nium. In general, with germanium, [2,18 10 to 100 times greater than with silicon. The typical values of 
Tago at 25°C (the figures most often used for normal temperature) for small signal transistors are: 


Silicon : 0.01 pA to 1lpA 
Germanium : 2to 15 pA 


(i) Smaller variation of I-g9 with temperature. The variation of Jog9 with temperature 1s less in 
silicon as compared to germanium. A rough rule of thumb for germanium is that /.,, approximately 
doubles with each 8 to 10°C rise while in case of silicon, it approximately doubles with each 12°C rise. 


(iii) Greater working temperature. The structure of germanium will be destroyed at a temperature 
of approximately 100°C. The maximum normal working temperature of germanium 1s 70°C but silicon 
can be operated upto 150°C. Therefore, silicon devices are not easily damaged by excess heat. 


(iv) Higher PIV rating. The PI’ ratings of silicon diodes are greater than those of germanium 
diodes. For example, the PJ} ratings of silicon diodes are in the neighbourhood of 1000V whereas the 
PIV’ ratings of germanium diodes are close to 400V. 


The disadvantage of silicon as compared to germanium is that potential barrier of silicon diode 
(0.7V) is more than that of germanium diode (0.5V). This means that higher bias voltage 1s required 
to cause current flow in a silicon diode circuit. This drawback of silicon goes to the background in 
view of the other advantages of silicon mentioned above. Consequently, the modern trend 1s to use 
silicon in semiconductor devices. 

Example 9.36. A small signal germanium transistor operating at 25°C has Iopz,4 = 5 uA, B = 40 

and zero signal collector current = 2mA. 
(i) Find the collector cut- off current i.e. ee 

(ii) Find the percentage change in zero signal collector current if the temperature rises to 
55°C. Assume Ip, doubles with every 10°C rise. 

(iii) What will be the percentage change in silicon transistor under the same conditions? Given 
that Iz, for silicon is 0.1uA at 25°C and In, doubles for every 10°C rise. 


Solution. 
(i) Legg = BD Tego = 4041) 6 pA) = 205 pA = 0.205 mA 
(ii) Rise in temperature = 55-25 = 30°C 


Since J.2, doubles for every 10°C rise, the new J..,,, n Ge transistor at 55°C will be 8 times that 
at 25°C i.e. 


Now logo = 8X5 =40 pA 
long = (B+ 1) Lego = (404+ 1) 40 pA) = 1640 pA = 1.64mA 


Zero signal collector current at 55°C 
= 2+1.64 = 3.64mA 
Percentage change in zero signal collector current 


= === x 100 = $32% 


i.e., zero signal collector current rises 82% above its original value due to 30°C rise in temperature. 
(wii) With silicon transistor, 

lego = 9.1 pA at 25°C and B = 40 
(B+ 1) logo = (40+ 1) (0.1 pA) 


sf CEO 
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= 41 yA = 0.0041 mA 
A 30°C rise in temperature would cause J, 1n silicon to increase 8 times. 
Now long = 8 X0.0041 = 0.0328 mA 
Zero signal collector current at 55°C 
= 2+0.0328 = 2.0328mA 
Percentage change in zero signal collector current 
= _— x 100 = 1.6% 

i.e., Increase in zero signal collector current is 1.6%. 

Comments. The above example shows that change in zero signal collector current with rise in 
temperature is very small in silicon as compared to germanium. In other words, temperature effects 
very slightly change the operating point of silicon transistors while they may cause a drastic change in 
germanium transistors. This is one of the reasons that silicon has become the main semiconductor 
material in use today. 

Example 9.37. A silicon transistor has Inp5 = 0.02UA at 27°C. The leakage current doubles for 
every 6°C rise in temperature. Calculate the base current at 57°C when the emitter current is 1mA. 
Given that a = 0.99. 

Solution. A 30°C (57 — 27 = 30) rise in temperature would cause J..,, to increase 32 times. 

At57°C, lopg = 32 X0.02 = 0.64 pA = 0.00064 mA 
Now [a = OQ1pt Logo 
0.99 x 1+ 0.00064 = 0.9906 mA = 0.000 64 mA 
Ty = Ip-Ig=1-0.9906 = 0.0094 mA = 9.4 pA 


9.19 Instantaneous Current and Voltage Waveforms 


It is worthwhile to show instantaneous current and voltage waveforms 1n an amplifier. Consider a CE 
amplifier biased by base resistor method as shown in Fig. 9.44. Typical circuit values have been 
assumed to make the treatment more illustrative. Neglecting J’,,, it 1s clear that zero 
signal base current J, = Voco/Rz = 20 V/IMQ = 20 pA. The zero signal collector current 
[= Blz = 100 x20 pA = 2mA. When signal of peak 
current 10 pA 1s applied, alternating current is super- 
imposed on the d.c. base current. The collector cur- 


rent and collector-emitter voltage also vary as the sig- 
nal changes. The instantaneous waveforms of currents 
and voltages are shown in Fig. 9.45. Note that base 
current, collector current and collector-emitter volt- 
age waveforms are composed of (7) the d.c. compo- 
nent and (i/) the a.c. wave riding on the d.c. 


(i) Atw/2 radians, the base current is composed 
of 20 pA d.c. component plus 10 HA peak a.c. com- 
ponent, adding to 30 pAi.ei,=20+10=30 pA. The 
corresponding collector current i, = 100 x 30 pA = 3 
mA. The corresponding collector-emitter voltage 1s 

Vor= Vee icRe = 20V-3mAx5kQ 
= 20V-15SV=5V 


Note that as the input signal goes positive, the 
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collector current increases and collector-emitter voltage decreases. Moreover, during the positive 
half cycle of the signal (i.e. from 0 to 1 rad.), the operating point moves from 20 pA to 20 + 10 = 30 
uA and then back again i.e. operating point follows the path Q to C and back to Q on the load line. 


i-(mA) 


Vcp (VOLTS) 


Fig. 9.45 


(ii) During the negative half-cycle of the signal (from 1 to 27 rad.), the operating point goes 
from 20 pA to 20 — 10 = 10 pA and then back again i.e. the operating point follows the path Q to D 
and back to Q on the load line. 

(iii) As the operating point moves along the path CD or DC due to the signal, the base current 
varies continuously. These variations in the base current cause both collector current and collector- 
emitter voltage to vary. 

(iv) Note that when the input signal is maximum positive, the collector-emitter voltage 1s maxi- 
mum negative. In other words, input signal voltage and output voltage have a phase difference of 
180°. This is an important characteristic of CE arrangement. 


Example 9.38. What fault is indicated in Fig. 9.46 ? Explain your answer with reasons. 
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Solution. Since V, (i.e., base voltage w.rt. ground) is zero, it means that there is no path for 
current in the base circuit. The transistor will be biased offi.e., 1.=0 and J,=0. Therefore, V.= 
10 V (. [.Ro=0) and V,=0. The obvious fault is that R, is open. 


Example 9.39. What fault is indicated in Fig. 9.47? Explain your answer with reasons. 


Solution. Based on the values of R,, R, and Vcc, the voltage V, at the base seems appropriate. 
In fact it is so as shown below : 


Voltage at base, V, Voltage across R,, 


Voc 10 
R, = = —xX47 = 2.07 
R+R, 2 18+4.7 ey 


The fact that V. =+ 10 Vand V, = Vpreveals that /.=0 and/,=0. Asaresult, J,drops to 
zero. The obvious fault is that R,is open. 


9.20 Summary Of Transistor Bias Circuits 
In figures below, npn transistors are shown. Supply voltage polarities are reversed for pnp 
transistors. 


BASE BIAS EMITTER BIAS 


n Q-point values (1. ~ I,) n Q-point values (= I,) 
n Collector current: n Collector current: 
I = p( “ec *ae | Vier ~ pr 
R, © Rat Bel Bh 
n Collector-to-emitter n Collector-to-emitter 
voltage: voltage: 
ot Vow Fie =e n Veg = Vect Veg 
—A AR, + Ry) 


n Q-point values UIoe p) C n Q-point values C= ) 


n Collector current: n Collector current: 
R, Voc ~V 
——— |Vac—-V. _"cc "BE 
lam, _ . c= Ro + Rg/B 
E 


n Collector-to-emitter 


n Collector-to-emitter 


voltage: 
voltage: 


n Veg = Vec-le (Rot Rg) 


n Veg = Vec-1 Re 
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MULTIPLE-CHOICE QUESTIONS 


1. Transistor biasing represents ........ condi- 
tions. 


(i) a.c. 

(ii) d.c. 
(iii) both a.c. and d.c. 
(iv) none of the above 


2. Transistor biasing is done to keep ........ in 
the circuit. 


(i) proper direct current 

(ii) proper alternating current 

(iii) the base current small 

(iv) collector current small 

3. Operating point represents ....... : 
(i) values of J. and Vp, when signal is ap- 
plied 
(ii) the magnitude of signal 
(ili) 


(iv) none of the above 


zero Signal values of J. and Vu, 


4. If biasing is not done in an amplifier circuit, 
it results in ........ 


(i) decrease in base current 
(ii) unfaithful amplification 
(tii) excessive collector bias 
(iv) none of the above 
5. Transistor biasing is generally provided by 


(i) biasing circuit (i) bias battery 
(iii) diode 
6. For faithful amplification by a transistor cir- 


cuit, the value of Vp,should .......... for a sili- 
con transistor. 


(iv) none of the above 


(i) be zero 
(li) be 0.01 V 
(iii) not fall below 0.7 V 
(iv) be between 0 V and 0.1 V 


7. For proper operation of the transistor, its col- 
lector should have ......... 


(i) proper forward bias 
(ii) proper reverse bias 
(iii) 


(iv) none of the above 


very small size 


8. For faithful amplification by a transistor cir- 
cuit, the value of V., should ....... for sili- 
con transistor. 


(i) not fall below 1 V 
(ii) be zero 
(iii) be 0.2 V 
(iv) none of the above 


9. The circuit that provides the best stabilisation 
of operating point is .......... 


(i) base resistor bias 

(ii) collector feedback bias 
(ili) potential divider bias 
(iv) none of the above 


10. The point of intersection of d.c. and a.c. load 
lines represents ......... 
(i) Operating point (ii) current gain 
(iii) voltage gain (iv) none of the above 
11. An ideal value of stability factor is ........ 
(i) 100 (ii) 200 
(iii) more than 200 (iv) 1 
12. The zero signal J. is generally ...... mA in 
the initial stages of a transistor amplifier. 


(i) 4 (ii) 1 
(lit) 3 (iv) more than 10 
13. If the maximum collector current due to 


signal alone is 3 mA, then zero signal col- 
lector current should be atleast equal to ......... 


(1) 6mMA (i) 1.5mA 

(iii) 3mA (iv) 1mA 

14. The disadvantage of base resistor method of 

transistor biasing 1s that it ........ 
(i) 1s complicated 

(ii) is Sensitive to changes in B 

(iii) provides high stability 

(iv) none of the above 


15. The biasing circuit has a stability factor of 
50. If due to temperature change, Inn, 
changes by | WA, then J. will change by ........ 


(i) 100 WA (ii) 25 UA 
(iii) 20 UWA (iv) 50 vA 
16. For good stabilisation in voltage divider bias, 


the current J, flowing through R, and R, 
should be equal to or greater than ........ 


(i) 10 J, (ii) 3 Tp 

(iii) 2T, (iv) 4], 
17. The leakage current in a silicon transistor is 
about ......... the leakage current in a germa- 


nium transistor. 
(i) onehundredth (ii) one tenth 
(iii) one thousandth (iv) one millionth 
18. The operating point is also called the ........ 
(i) cut off point 
(ii) quiescent point 
(ili) saturation point 
(iv) none of the above 
19. For proper amplification by a transistor cir- 
cuit, the operating point should be located 
Al sencet of the d.c. load line. 
(i) the end point 
(ii) middle 


(iii) the maximum current point 
(iv) none of the above 
20. The operating point ........ on the a.c. load 
line. 


(i) also lies (ii) does not lie 
(ili) may or may not lie 
(iv) data insufficient 
21. The disadvantage of voltage divider bias is 
that it has ........ 


(i) high stability factor 
(ii) low base current 
(iii) 
(iv) 


22. Thermal runaway occurs when ........ 


many resistors 
none of the above 


(i) collector is reverse biased 

(ii) transistor is not biased 

(iii) emitter is forward biased 

(iv) junction capacitance is high 

23. The purpose of resistance in the emitter cir- 

cuit of a transistor amplifier is to ........... 
(i) limit the maximum emitter current 

(it) provide base-emitter bias 

(iii) limit the change in emitter current 

(iv) none of the above 
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24. Ina transistor amplifier circuit, V.-= Vopt 


() Veg 
(iii) 1.5 Vp, 
25. The base resistor method is generally used 


(ii) 2 Var 
(iv) none of the above 


(i) amplifier circuits 
(it) switching circuits 
rectifier circuits 
(iv) none of the above 
26. For germanium transistor amplifier, Vo, 

should ......... for faithful amplification. 
(i) be zero 

(ti) be 0.2 V 

(iii) not fall below 0.7 V 

(iv) none of the above 


27. In a base resistor method, if the value of B 
changes by 50, then collector current will 
change by a factor of ........ 


(i) 25 (ii) 50 
(iii) 100 (iv) 200 
28. The stability factor of a collector feedback 
bias circuit is ........ that of base resistor bias. 


(i) the same as (ii) more than 


(iii) less than (iv) none of the above 
29. In the design of a biasing circuit, the value 
of collector load RK; is determined by ........ 
(i) Vo, consideration 
(ii) V,, consideration 
(iii) I, consideration 
(iv) none of the above 


30. Ifthe value of collector current J. increases, 
then value of Vag ....s 


(i) remains the same 
(ii) decreases 

(iii) 
(iv) 


31. If the temperature increases, the value of Vp, 


increases 


none of the above 


(i) remains the same 
(ii) iS increased 
is decreased 
none of the above 
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32. The stabilisation of operating point in po- 
tential divider method is provided by ........ 
(i) R,consideration 
(ii) R consideration 
(iii) V.- consideration 
(iv) none of the above 
33. The value of Vag... 
(i) depends upon [.. to moderate extent 
(ii) is almost independent of J. 
(iii) 1s strongly dependent on J, 
(iv) none of the above 


34. When the temperature changes, the operat- 
ing point is shifted due to ........ 


(i) change in Icgo 
(ii) change in Vi, 
(iii) change in the values of circuit resis- 
tances 
(iv) none of the above 


35. The value of stability factor for a base-re- 
sistor bias is ........ 


(i) Rz(B+ 1) (ii) (B+ 1)Ro 


(iii) (B+ 1) (iv) 1-8 
36. In apractical biasing circuit, the value of R,, 
is about ........ 


(i) 10kQ (ii) 1 MQ 
(iii) 100 kQ (iv) 800 Q 
37. A silicon transistor is biased with base resis- 
tor method. If B = 100, Vz, = 0.7 V, zero 
signal collector current J. = 1 mA and 
Vcc = 6 V, what is the value of base resistor 
R,? 
(i) 105 kQ (ii) 530 kQ 
(iii) 315 kQ (iv) none of the above 
38. In voltage divider bias, V..= 25 V; R, = 
10 kQ; R, = 2.2 kQ ; Ro =3.6 kQ and R,= 
1 kQ. What is the emitter voltage ? 


(i) 6.7V (ii) 5.3. V 
(iii) 4.9V (iv) 3.8 V 
39. In the above question, what is the collector 
voltage ? 
(i) 12.3 V (ii) 14.8 V 
(iii) 7.6 V (iv) 9.7 V 


40. In voltage divider bias, operating point is 
3V,2mA. If Vec=9 V, Re = 2.2 kQ, what 
is the value of R,? 


(i) 2000 Q (ii) 1400 Q 
(iii) 800 Q (iv) 1600 Q 


Answers to Multiple-Choice Questions 


~ ) 2) 
» (i) s WY) 
= (i) e (112) 
« (it) ~ (tt) 
x OF) « (i) 
= Un) » Gy) 
« » (tt) 
* UD ~ (ty) 


. (ii) 
. (iii) 
. (ii) 
. (ii) 


Chapter Review Topics 


1. What is faithful amplification ? Explain the conditions to be fulfilled to achieve faithful amplification 


in a transistor amplifier. 


Mention the essentials of a biasing circuit. 


SS Ss 


this method ? 


What do you understand by transistor biasing ? What is its need ? 


What do you understand by stabilisation of operating point ? 


Describe the various methods used for transistor biasing. State their advantages and disadvantages. 


Describe the potential divider method in detail. How stabilisation of operating point is achieved by 
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7. Mention the steps that are taken to design the transistor biasing and stabilisation circuits. 
8. Write short notes on the following : 
(i) Operating point (ii) Stabilisation of operating point 


Problems 


1. An npn silicon transistor has V..=5V and the collector load R, = 2 kQ. Find : 


(i) the maximum collector current that can be allowed during the application of signal for faithful 
amplification 


(ii) the minimum zero signal collector current required [ (2) 2mA (ii) ImA] 


2. Fig. 9.48 shows biasing with base resistor method. Determine the operating point. Assume the 
transistor to be of silicon and take B = 100. [ 1. = 0.93 mA, Vez = 17.3V] 


3. Fig. 9.49 shows biasing by base resistor method. If it is required to set the operating point at 1mA, 
6 V, find the values of R, and Rz. Given B =150, Vz, = 0.3 V. [R,. = 3 kQ, R, = 0.3 MQ] 


+Voc=9V 


+10 V +20 V 


100 kQ 


Fig. 9.48 Fig. 9.49 


4. A transistor amplifier is biased with feedback resistor R, of 100 kQ. If V..= 25 V, Ro = 1 kQ and 
B = 200, find the values of zero signal J. and V,,. [1. = 16.2mA, V_,, = 8.8V] 


4kQ 470 Q 30 kQ 1kQ 
220 Q 
5 kQ 2 kQ 


1kQ 


Fig. 9.50 Fig. 9.51 
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5. 


10. 


11. 


12. 


Find the value of J, for potential divider method if V.. = 9V, R, = 1k, R, = 39 kQ, R, = 10 kQ, 
Ro= 2.7 kQ, Vz, = 0.15 V and B = 90. [1.5mA] 


In an RC coupled amplifier, the battery voltage is 16V and collector load R. = 4 kQ. It is required to 
set the operating point at 7. = ImA, V,, = 10V by potential divider method. If 
Vee = 9.2 V and J, = 10 J,, 8 = 100, find the various circuit values. 

In the transistor circuit shown in Fig. 9.50, find the operating point. Assume the transistor to be of 
silicon. [I.= 10.5mA, Vo, = 7.75V] 


In a transistor circuit shown in Fig. 9.51, find the operating point. Assume silicon transistor is used. 
[I.. = 0.365mA, Vo, = 8.9V] 


Determine whether or not the circuit shown in Fig. 9.52 is midpoint biased. [Yes] 
What fault is indicated in Fig. 9.53 ? Give reasons for your answer. [R;. is open] 


Fig. 9.52 Fig. 9.53 


Determine J,, I. and V.., for a base-biased transistor circuit with the following values : B = 90 ; Vi. 
= 12V; Rz = 22 kQ and R= 100Q. [T, = 514 pA ; I. = 46.3 mA; V4, = 7.37V] 


The base bias circuit in Fig. 9.54 is subjected to a temperature variation from 0°C to 70°C. The B 
decreases by 50% at 0°C and increases by 75% at 70°C from its normal value of 110 at 25°C. What are 
the changes in/,, and V_, over the temperature range of 0°C to 70°C ? 


[I. = 59.6 mA ; Veg = 5.96V] 


13. 
14. 
1S, 
16. 


17. 


18. 
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+Voc 
+5V 
+Voc=t+9V 
R-= 1009 
15 kQ 
—5V 
— Ver 
Fig. 9.54 Fig. 9.55 

To what value can R, in Fig. 9.55 be reduced without transistor going into saturation ? [63922] 

When can the effect of B be neglected in the emitter bias circuit ? [When R, >> R,/B] 

What is the minimum value of £ in Fig. 9.56 that makes R,, (base) 210R,? [69.1] 

(i) Determine the base voltage V, in Fig. 9.57. 

(ii) If R,; 1s doubled, what will be the value of V, ? [(i) 1.74V (wi) 1.74V] 

+15 Vee -12V 


Fig.9.56 


(i) Find the Q-point values for Fig. 9.57. 
(ii) Find the minimum power rating of transistor in Fig.9.57. [(@) 1.41 mA ; - 8.67V (i) 12.2 mW] 


A collector-feedback circuit uses an npn transistor with Voc = 12V, Ro = 1.2 kQ, Rz = 47 kQ. Deter- 
mine the collector voltage and the collector current if B = 200. [7.87 mA ; 2.56V] 


Discussion Questions 


. Why are transistor amplifiers always operated above knee voltage region ? 
. What is the utility of d.c. load line ? 

. Why have transistors inherent variations of parameters ? 

. Why is f,. different from B,. ? 


. Why has potential divider method of biasing become universal ? 
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How Transistor Amplifies? 


Graphical Demonstration of 
Transistor Amplifier 


Practical Circuit of Transistor 
Amplifier 


Phase Reversal 

Input/Output Phase Relationships 
D.C. and A.C. Equivalent Circuits 
Load Line Analysis 

Voltage Gain 

A.C. Emitter Resistance 

Formula for AC Emitter 
Resistance INTRODUCTION 
Voltage Gain of CE Amplifier 
Voltage Gain of Unloaded CE 


n the previous chapter, it was discussed that a 
properly biased transistor raises the strength of a 


Amplifier weak signal and thus acts as an amplifier. Almost 
Voltage Gain of CE Amplifier all electronic equipments must include means for 
without Cc. amplifying electrical signals. For instance, radio 


sa: receivers amplify very weak signals—sometimes a few 
Input Impedance of CE Amplifier millionth we ai es aa they are strong 
Voltage Gain Stability enough to fill a room with sound. The transducers used 
Swamped Amplifier in the medical and scientific investigations generate 
Classification of Amplifiers signals in the microvolt (uV) and millivolt (mV) range. 

These signals must be amplified thousands and millions 
Amplifier Equivalent Circuit times before they will be strong enough to operate 
Equivalent Circuit with Signal Source ‘2dicating instruments. Therefore, electronic amplifiers 
are a constant and important ingredient of electronic 


Gain and Transistor Configurations 
systems. 
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Our purpose here will be to discuss single stage transistor amplifier. By a stage we mean a 
single transistor with its bias and auxiliary equipment. It may be emphasised here that a practical 
amplifier is always a multistage amplifier i.e. 1t has a number of stages of amplification. However, it 
is profitable to consider the multistage amplifier in terms of single stages that are connected together. 
In this chapter, we shall confine our attention to single stage transistor amplifiers. 


10.1 Single Stage Transistor Amplifier 


When only one transistor with associated circuitry is used for ampli- 
fying a weak signal, the circuit is known as single stage transistor 
amplifier. 


+ Vee 


A single stage transistor amplifier has one transistor, bias circuit 5kO os reat 
and other auxiliary components. Although a practical amplifier con- 
sists of a number of stages, yet such a complex circuit can be conve- 
niently split up into separate single stages. By analysing carefully 
only a single stage and using this single stage analysis repeatedly, we 
can effectively analyse the complex circuit. It follows, therefore, that 0.1 V 
single stage amplifier analysis is of great value in understanding the 
practical amplifier circuits. 


Fig. 10.1 


10.2 How Transistor Amplifies ? 


Fig. 10.1 shows a single stage transistor amplifier. When a weak a.c. signal is given to the base of 
transistor, a small base current (which 1s a.c.) starts flowing. Due to transistor action, a much larger 
(B times the base current) a.c. current flows through the collector load R,. As the value of R, is quite 
high (usually 4-10 k@Q), therefore, a large voltage appears across R,. Thus, a weak signal applied in 
the base circuit appears in amplified form in the collector circuit. It is in this way that a transistor acts 
as an amplifier. 


The action of transistor amplifier can be beautifully explained by referring to Fig. 10.1. Suppose 
a change of 0.1 V in signal voltage produces a change of 2 mA in the collector current. Obviously, a 
signal of only 0.1 V applied to the base will give an output voltage = 2 mA x 5 kQ = 10V. Thus, the 
transistor has been able to raise the voltage level of the signal from 0.1 V to 10V i.e. voltage amplifi- 
cation or stage gain 1s 100. 


10.38 Graphical Demonstration of Transistor Amplifier 


The function of transistor as an amplifier can also be explained graphically. Fig. 10.2 shows the 
output characteristics of a transistor in CE configuration. Suppose the zero signal base current is 10 
WA i.e. this is the base current for which the transistor is biased by the biasing network. When an a.c. 
signal is applied to the base, ic 
it makes the base, say posi- 
tive in the first half-cycle and SIGNAL 
negative in the second half- CURRENT 

OUTPUT 
cycle. Therefore, the base cyuRRENT 
and collector currents will in- 
crease in the first half-cycle 
when base-emitter junction is 
more forward-biased. How- 
ever, they will decrease in the 
second half-cycle when the 
base-emitter junction 1s less 0 1V 2V 3V 4V 5V 
forward biased. Fig. 10.2 


Ip=S pA 


VCE 
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For example, consider a sinusoidal signal which increases or decreases the base current by 5 pA 
in the two half-cycles of the signal. Referring to Fig. 10.2, 1t 1s clear that in the absence of signal, the 
base current is 1OUA and the collector current is | mA. However, when the signal is applied in the 
base circuit, the base current and hence collector current change continuously. In the first half-cycle 
peak of the signal, the base current increases to 15 wA and the corresponding collector current 1s 
1.5 mA. In the second half-cycle peak, the base current is reduced to 5 WA and the corresponding 
collector current is 0.5 mA. For other values of the signal, the collector current 1s inbetween these 
values i.e. 1.5 mA and 0.5 mA. 


It is clear from Fig. 10.2 that 10 WA base current variation results in ImA (1,000 pA) collector 
current variation i.e. by a factor of 100. This large change in collector current flows through collector 
resistance R,. The result is that output signal is much larger than the input signal. Thus, the transistor 
has done amplification. 


10.4 Practical Circuit of Transistor Amplifier 


It is important to note that a transistor can accomplish faithful amplification only if proper associated 
circuitry is used with it. Fig. 10.3 shows a practical single stage transistor amplifier. The various 
circuit elements and their functions are described below : 


(i) Biasing circuit. The resistances R,, R, and R, form the biasing and stabilisation circuit. 
The biasing circuit must establish a proper operating point otherwise a part of the negative half-cycle 
of the signal may be cut off in the output. 


(ii) Input capacitor C,. An electrolytic capacitor C,, (~ 10 uF ) is used to couple the signal to 
the base of the transistor. If it is not used, the signal source resistance will come across k, and thus 
change the bias. The capacitor C,, allows only a.c. signal to flow but isolates the signal source from 
Rye 

2 
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Fig. 10.3 


(ii) Emitter bypass capacitor C,. An emitter bypass capacitor C, (= 100uF') is used in paral- 
lel with R,, to provide a low reactance path to the amplified a.c. signal. Ifit is not used, then amplified 
a.c. signal flowing through RX, will cause a voltage drop across it, thereby reducing the output voltage. 


(iv) Coupling capacitor C,.. The coupling capacitor C,, (= 10uF’) couples one stage of ampli- 
* It may be noted that a capacitor offers infinite reactance to d.c. and blocks it completely whereas it allows 
a.c. to pass through it. 
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fication to the next stage. If it 1s not used, the bias conditions of the next stage will be drastically 
changed due to the shunting effect of R,. This is because R, will come in parallel with the upper 
resistance R, of the biasing network of the next stage, thereby altering the biasing conditions of the 
latter. In short, the coupling capacitor C, isolates the d.c. of one stage from the next stage, but allows 
the passage of a.c. signal. 


Various circuit currents. It 1s useful to mention the various currents in the complete amplifier 
circuit. These are shown in the circuit of Fig. 10.3. 


(() Base current. When no signal is applied in the base circuit, d.c. base current J, flows due to 
biasing circuit. When a.c. signal is applied, a.c. base current i, also flows. Therefore, with the 
application of signal, total base current 7, is given by: 


ie 1d I 
(i) Collector current. When no signal is applied, a d.c. collector current J, flows due to 


biasing circuit. When a.c. signal is applied, a.c. collector current i, also flows. Therefore, the total 
collector current i, is given by: 


be, ae Le 
where I, = BI, = zero signal collector current 
i. = Bi, = collector current due to signal. 


(ii) Emitter current. When no signal is applied, a d.c. emitter current /, flows. With the 
application of signal, total emitter current i,, 1s given by : 


he = Tei 
It is useful to keep in mind that : 
dee ari. 


= TE 


Now base current is usually very small, therefore, as a reasonable approximation, 


IT, = Ip and i, =i. 


Example 10.1. What is the role of emitter bypass capacitor Cin CE amplifier circuit shown in 
Fig. 10.3 ? Illustrate with a numerical example. 


Solution. The emitter bypass capacitor C,, (See Fig. 10.3) connected in parallel with X, plays an 
important role in the circuit. If it 1s not used, the amplified a.c. signal flowing through , will cause a 
voltage drop across it, thereby reducing the a.c. output voltage and hence the voltage gain of the 
amplifier. 

Let us illustrate the effect of C,, with a numerical example. Suppose R,, = 1000 and capacitive 
reactance of C, at the signal frequency is 100Q (i.e. Xc, = 100Q). Then 10/11 of a.c emitter current 
will flow through C,, and only 1/11 through R,,. The signal voltage developed across K,,1s, therefore, 
only 1/11 of the voltage which would have been developed if C,, were not present. In practical 
circuits, the value of C,, 1s so selected that it almost entirely bypasses the a.c. signal (the name for C, 
is obvious). For all practical purposes, we consider C,, to be a short for a.c. signals. 


Example 10.2. Select a suitable value for the emitter bypass capacitor in Fig. 10.4 if the 
amplifier is to operate over a frequency range from 2 kHz to 10 kHz. 


Solution. An amplifier usually handles more than one frequency. Therefore, the value of C,, 1s so 
selected that it provides adequate bypassing for the /owest of all the frequencies. Then it will also be 
a good bypass (X, « I/f) for all the higher frequencies. Suppose the minimum frequency to be 
handled by C, is f,,,, [hen C,,1s considered a good bypass if at/____., 


in 
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Xo, 
In the given problem, f= 2kHz ; R,, = 560Q. 
lO X¥, = 560 
or Xo, = 560/10 = 56Q 
| 
Or On a Cc. = 56 


l l 
—_— Oe — -6p_4, 


Note. While discussing CE amplifier, the reader should be very particular about the role of Cy. 
10.5 Phase Reversal 


In common emitter connection, when the input signal voltage increases in the positive sense, the 
output voltage increases in the negative direction and vice-versa. In other words, there 1s a phase 
difference of 180° between the input and output voltage in CE connection. This is called phase 


reversal.* 


The phase difference of 180° between the signal voltage and output voltage ina common emitter 
amplifier is known as phase reversal. 

Consider a common emitter amplifier circuit shown in Fig. 10.5. The signal is fed at the input 
terminals (i.e. between base and emitter) and output is taken from collector and emitter end of supply. 
The total instantaneous output voltage vis given by : 


* This is so if output is taken from collector and emitter end of supply as is always done. However, if the 
output is taken across R_., it will be in phase with the input. 

**  Reactance of C.. (= 10uF) is negligible at ordinary signal frequencies. Therefore, it can be considered a 
short for the signal. 
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in 


sia OUTPUT 


t 
0 SIGNAL , 0 


Fig. 10.5 


When the signal voltage increases in the positive half-cycle, the base current also increases. The 
result is that collector current and hence voltage drop i. R, increases. As J”. 1s constant, therefore, 
output voltage v.,,,decreases. In other words, as the signal voltage is increasing in the positive half- 
cycle, the output voltage is increasing in the negative sense i.e. output is 180° out of phase with the 
input. It follows, therefore, that in a common emitter amplifier, the positive half-cycle of the signal 
appears as amplified negative half-cycle in the output and vice-versa. It may be noted that amplifica- 
tion is not affected by this phase reversal. 


The fact of phase reversal can be readily proved mathematically. Thus differentiating exp. (i), 
we get, 
Woy = 0-di,Ro 


or Way = —di,Ro 


The negative sign shows that out- 
put voltage is 180° out of phase with 
the input signal voltage. 


Graphical demonstration. The 
fact of phase reversal in CE connec- 
tion can be shown graphically with the 
help of output characteristics and load 
line (See Fig. 10.6). 

In Fig. 10.6, AB is the load line. 
The base current fluctuates between, 
say +5 uA with 10pA as the zero 
signal base current. From the figure, 
itis clear that when the base current is 
maximum in the positive direction, va, 
becomes maximum in the negative di- 
rection (point G in Fig. 10.6). On the 
other hand, when the base current is 
maximum in the negative direction, 
Voy 1S maximum in the positive sense 
(point H in Fig. 10.6). Thus, the in- 


VCE 
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put and output voltages are in phase opposition or equivalently, the transistor is said to produce a 
180° phase reversal of output voltage w.rt. signal voltage. 

Note. No phase reversal of voltage occurs in common base and common collector amplifier. The a.c. 
output voltage is in phase with the a.c. input signal. For all three amplifier configurations; input and output 
currents are in phase. 


Example 10.3. J//ustrate the phenomenon of phase reversal in CE amplifier assuming typical 
circuit values. 


Solution. In every type of amplifier, the input and output currents are in phase. However, common 
emitter amplifier has the unique property that input and output voltages are 180° out of phase, even 
though the input and output currents are in phase. This point 1s illustrated in Fig. 10.7. Here it is 
assumed that O-point value of J, = 10 pA, ac signal peak value is 5 pA and B= 100. This means that 
input current varies by 5 A both above and below a 10 pA dc level. At any instant, the output current 
will be 100 times the input current at that instant. Thus when the input current is 10 WA, output current 
is ig= 100 x 10 pA= 1 mA. However, when the input current is 15 A, then output current 1s i,.= 100 x 15 
wA = 1.5mA and so on. Note that input and output currents are in phase. 


The output voltage, vo = Voo —-ieRe 
(t) When signal current is Zero (i.e., in the absence of signal), i, = | mA. 
ie Va = Voe7icRe = 10V-1mAx4kQ® = 6V 
(11) When signal reaches positive peak value, i, = 1.5 mA. 
o Va = Voor icRe = 1OV-15mAx4kQ =4V 
Note that as i. increases from ImA to 1.5 mA, v, decreases from 6V to 4V. Clearly, output 
voltage is 180° out of phase from the input voltage as shown in Fig. 10.7. 
(iit) When signal reaches negative peak, i, =0.5 mA. 
- Va = VoowicRe = 10V-0.5mAXx4kQ = 8V 
Note that as i, decreases from 1.5 mA to 0.5 mA, v, increases from 4 V to 8 V. Clearly, output voltage 
is 180° out of phase from the input voltage. The following points may be noted carefully about CE 
amplifier : 
(a) The input voltage and input current are in phase. 
(b) Since the input current and output current are in phase, input voltage and output current are 
in phase. 
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(c) Output current is 180° out of phase with the output voltage (v,). Therefore, input voltage 
and output voltage are 180° out of phase. 


10.6 Input/Output Phase Relationships 


The following points regarding the input / output phase relationships between currents and voltages 
for the various transistor configurations may be noted : 

(i) For every amplifier type (CE, CB and CC), the input and output currents are in phase. 
When the input current decreases, the output current also decreases and vice-versa. 

(ii) Remember that common emitter (CE) circuit is the only configuration that has input and 
output voltages 180° out of phase. 

(iii) For both common base (CB) and common collector (CC) circuits, the input and output 
voltages are in phase. If the input voltage decreases, the output voltage also decreases and vice-versa. 


10.7 D.C. And A.C. Equivalent Circuits 


In a transistor amplifier, both d.c. and a.c. conditions prevail. The d.c. sources set up d.c. currents and 
voltages whereas the a.c. source (i.e. signal) produces fluctuations in the transistor currents and volt- 
ages. Therefore, a simple way to analyse the action of a transistor is to split the analysis into two parts 
viz. ad.c. analysis and an a.c. analysis. In the d.c. analysis, we consider all the d.c. sources at the same 
time and work out the d.c. currents and voltages in the circuit. On the other hand, for a.c. analysis, we 
consider all the a.c. sources at the same time and work out the a.c. currents and voltages. By adding 
the d.c. and a.c. currents and voltages, we get the total currents and voltages in the circuit. For ex- 
ample, consider the amplifier circuit shown in Fig. 10.8. This circuit can be easily analysed by 
splitting it into d.c. equivalent circuit and a.c equivalent circuit. 


+ Vee 


SIGNAL 


Fig. 10.8 


(i) D.C. equivalent circuit. In the d.c. equivalent circuit of a transistor amplifier, only d.c. 
conditions are to be considered i.e. it is presumed that no signal is applied. As direct current cannot 
flow through a capacitor, therefore, a// the capacitors look like open circuits in the d.c. equivalent 
circuit. It follows, therefore, that in order to draw the equivalent d.c. circuit, the following two steps 
are applied to the transistor circuit : 


(a) Reduce all a.c. sources to zero. 
(b) Open all the capacitors. 


248 @ Principles of Electronics 


Applying these two steps to the circuit shown in Fig. 10.8, we get 
the d.c. equivalent circuit shown in Fig. 10.9. We can easily calculate 
the d.c. currents and voltages from this circuit. 


(ii) A.C. equivalent circuit. In the a.c. equivalent circuit of a 
transistor amplifier, only a.c. conditions are to be considered. Obvi- 
ously, the d.c. voltage is not important for such a circuit and may be 
considered zero. The capacitors are generally used to couple or bypass 
the a.c. signal. The designer intentionally selects capacitors that are 
large enough to appear as short circuits to the a.c. signal. It follows, 
therefore, that in order to draw the a.c. equivalent circuit, the following 
two steps are applied to the transistor circuit : 


(a) Reduce all d.c. sources to zero (i.e. V4. = 0). 
(b) Short all the capacitors. 


Applying these two steps to the circuit shown in Fig. 10.8, we get the a.c. *equivalent 
circuit shown 1n Fig. 10.10. We can easily calculate the a.c. currents and voltages from this circuit. 


L. 


i, (4 
Ro Ry 


Fig. 10.10 


It may be seen that total current in any branch is the sum of d.c. and a.c. currents through that 
branch. Similarly, the total voltage across any branch is the sum of d.c. and a.c. voltages across that 
branch. 


Example 10.4. For the transistor amplifier circuit shown in Fig. 10.8, determine : 
(i) d.c. load and a.c. load 
(ii) maximum collector-emitter voltage and collector current under d.c. conditions 


(iii) maximum collector-emitter voltage and collector current when a.c. signal is applied 


Solution. Refer back to the transistor amplifier circuit shown 1n Fig. 10.8. 


(i) The dc. load for the transistor is Thevenin’s equivalent resistance as seen by the collector 
and emitter terminals. Thus referring to the d.c. equivalent circuit shown in Fig. 10.9, Thevenin’s 
equivalent resistance can be found by shorting the voltage source (i.e. }’.¢) as shown 1n Fig. 10.11. 
Because a voltage source looks like a short, it will bypass all other resistances except R, and R, 
which will appear in series. Consequently, transistor amplifier will see a d.c. load of Ro + Ryie 


* Note that R, is also in parallel with transistor input so far as signal 1s concerned. Since R, is connected 
from the base lead to V’.. and V’., is at “ac ground”, R, 1s effectively connected from the base lead to 
ground as far as signal is concerned. 
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d.c.load = R,+R, 
Referring to the a.c. equivalent 
circuit shown in Fig. 10.10, itis clear 
that as far as a.c. signal 1s concerned, 
resistance R,. appears in parallel 
with R,. In other words, transistor 
amplifier sees an a.c. load equal to 
Ro || R; ie. 
a.c. load, R,w=Ro||R, 
Ro Ry R, 
Ro + R, 
(ii) Referring to d.c. equivalent 
circuit of Fig. 10.9, 


SHORT 


Fig. 10.11 


Voo = Vogtle Ro + Rg) 
The maximum value of J’.,, will occur when there is no collector current i.e. J. = 0. 
Maximum V’un = Voc 
The maximum collector current will flow when J. = 0. 
Voc 
Ro + RK; 

(iit) When no signal is applied, I, and J, are the collector-emitter voltage and collector current 
respectively. When a.c. signal is applied, it causes changes to take place above and below the oper- 
ating point Q (i.e. 1. and I,). 

Maximum collector current due to a.c. signal = *J, 
Maximum positive swing of a.c. collector-emitter voltage 

= 1axRye 
Total maximum collector-emitter voltage 

= Veg t1oRac 

Maximum positive swing of a.c. collector current 
= VodRac 

Total maximum collector current 


= Io + VoR/Rac 
10.8 Load Line Analysis 


The output characteristics are determined experimentally and indicate the relation between J. and 
I. However, the same information can be obtained in a much simpler way by representing the 
mathematical relation between J, and I’., graphically. As discussed before, the relationship between 
Vo, and J. is linear so that it can be represented by a straight line on the output characteristics. This 
is known as a /oad line. The points lying on the load line give the possible values of J’, and J. in the 
output circuit. As in a transistor circuit both d.c. and a.c. conditions exist, therefore, there are two 
types of load lines, namely ; d.c. load line and a.c. load line. The former determines the locus of J, 
and J’. 1n the zero signal conditions and the latter shows these values when the signal is applied. 


Maximum / a> 


(i) d.c. load line. [tis the line on the output characteristics of a transistor circuit which gives 
the values of I, and V4, corresponding to zero signal or d.c. conditions. 


* For faithful amplification. 
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Consider the transistor amplifier shown in Fig. 10.12. In the absence of signal, d.c. conditions 


prevail in the circuit as shown in Fig. 10.13 (i). Referring to this circuit and applying Kirchhoff’s 


voltage law, 
Vow = Veo Tle Re— lpr 
nm  Veawle Car ks ...(2) 
Cv Lp = Ie) 


Or 


CE 


Fig. 10.12 
As for a given circuit, }’., and (R,+ R,) are constant, therefore, it is a first degree *equation and 
can be represented by a straight line on the output characteristics. This is known as d.c. load line and 
determines the loci of J, and /, points in the zero signal conditions. The d.c. load line can be readily 


plotted by locating two end points of the straight line. 


ao Vcc 


(7) 


Fig. 10.13 
The value of J’, will be maximum when /..= 0. Therefore, by putting /. = 0 in exp. (i), we get, 


Max. Vag = Voo 
This locates the first point B (OB = J’.,) of the d.c. load line. 


This equation is known as load line equation since it relates the collector-emitter voltage (1.,) to the 


* 
collector current (/.,) flowing through the load. 
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The value of J, will be maximum when J’, = 0. 
Vee 

Rot R; 

This locates the second point A (OA = J.-/R.+R,,) of the d.c. load line. By joining points.A and 
B, d.c. load line AB 1s constructed [See Fig. 10.13 (ii)]. 

Alternatively. The two end points of the d.c. load line can also be determined in another way. 

Vor tle Rot kg) = Voc 
Dividing throughout by I’.., we have, 


Max. dig = 


usin + Se = ... (7) 
Vae Wael Ro t+ Rg) 
The equation of a line having intercepts a and b on x-axis and y-axis respectively is given by ; 
* + . = | (ii) 
Comparing eqs. (i) and (ii), we have, 
Intercept on x-axis = JK. 


ace 
Rot R; 

With the construction of d.c. load line on the output characteristics, we get the complete informa- 
tion about the output circuit of transistor amplifier in the zero signal conditions. All the points show- 
ing zero signal J. and J’., will obviously lie on the d.c. load line. At the same time J, and Vo, 
conditions 1n the circuit are also represented by the output characteristics. Therefore, actual operat- 
ing conditions in the circuit will be represented by the point where d.c. load line intersects the base 
current curve under study. Thus, referring to Fig. 10.13 (i), if J, = 5 Ais set by the biasing circuit, 
then Q (i.e. intersection of 5 uA curve and load line) is the operating point. 


Intercept on y-axis = 


(ii) a.c. load line. This is the line on the output characteristics of a transistor circuit which 
gives the values of i. and V~, when signal is applied. 


Referring back to the transistor amplifier shown in Fig. 10.12, its a.c. equivalent circuit as far as 
output circuit is concerned 1s as shown in Fig. 10.14 (7). To add a.c. load line to the output character- 
istics, We again require two end points—one maximum collector-emitter voltage point and the other 
maximum collector current point. Under the application of a.c. signal, these values are (refer to 
example 10.4) : 


Max. collector-emitter voltage = VG,+1.R,c. This locates the point C of the a.c. load line on 
the collector-emitter voltage axis. 


VCE 


VeetlcRac 


(i) (ii) 
Fig. 10.14 


Ro ||R, = 
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This locates the point D of a.c. load line on the collector-current axis. By joining points C and D, 


Maximum collector current 
Ruc 


where 
the a.c.load line CD 1s constructed [See Fig. 10.14 (i7)]. 


Example 10.5. For the transistor amplifier shown in Fig. 10.15, R, = 10 kQ, R, = 5 kQ, Ra = 
(i) Draw d.c. load line (ii) Determine the operating point (iii) Draw a.c. load line. 


1 kQ, R= 2 kQ and R, = 1 kQ. 
Assume V_,, = 0.7 V, 
Solution. (d) d.c. load line : 
To draw d.c. load line, we require two end points viz maximum J’, point and maximum J, point. 


in 


Fig. 10.15 
Vac = 15 V [See Art. 10.8] 
15V 


Maximum Jo, 
This locates the point B (OB=15 V) of the d.c. load line. 
Veo 
CC RG+Rg (142) kQ 
ic 


19.25 mA 4D 


i 


5mA@aA 


2.15 mA 


Fig. 10.16 


= 5mA 


[See Art. 10.8] 


Maximum [, = 
This locates the pomt A (OA = 5 mA) of the d.c. load line. Fig. 10.16 (7) shows the d.c. load line AB. 
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(ti) Operating point Q. The voltage across R, (= 5 kQ ) is *5 Vie. 1’,=5 V. 
Now J’, = Ip_,tl,Rz 


ee Va) ae _ O-0.7V 
Bs Ry 2 kQ 
1 de 
Now Von = Voo ~le (Ret R,) = 15-2.15 mA x3 kQ 
= 855 V 
Operating point Q is 8.55 V, 2.15 mA. This is shown on the d.c. load line. 


(iii) a.c. load line. To draw a.c. load line, we require two end points viz. maximum collector- 
emitter voltage point and maximum collector current point when signal is applied. 


a.c.load, Ry. = Ro||R, = = 0.5kQ 


= 2.15mA 


Maximum collector-emitter voltage 
= Vee dala [See example 10.4] 


= 855+2.15mA x0.5kQ = 9.62 volts 
This locates the point C (OC = 9.62 V) on the va, axis. 


Maximum collector current = Io + VoadRic 


2.15 + (8.55 V/0.5 kQ) = 19.25 mA 
This locates the point D (OD = 19.25mA) on the i, axis. By joining points C and D, a.c. load line 
CD is constructed [See Fig. 10.16 ()]. 


Example 10.6. /n the transistor amplifier shown in Fig. 10.15, Ra = 10kQ, R, = 30kQ and Vac 
= 20V" The values R, and R, are such so as to fix the operating point at 10V; ImA. Draw the d.c. and 
a.c. load lines. Assume R,, is negligible. 


Solution. d.c. load line. For drawing d.c. load line, two end points viz. maximum 
Vag point and maximum /, point are needed. Maximum IJ’, = 20 V. This locates the point 
B (OB = 20V) of the d.c. load line on the J’, axis. 

V 20V 
M I, = =o = —__ =2mA 
peer “rahe * 1K: 0° 

This locates the point A (OA = 2 mA) on the J, axis. By joining points A and B, the d.c. load line 
AB 1s constructed (See Fig. 10.17). 

a.c. load line. To draw a.c. load line, we require two end points viz maximum collector-emitter 


voltage point and maximum collector current point when signal 1s applied. 


a.c.load, Rio = RollR, = ree = 75kQ 


Maximum collector-emitter voltage 
= Vow t1oRac 
= 10+1mAx7.5kQ 
This locates the point D (OD = 17.5 V) on the va, axis. 
Maximum collectorcurrent = [o+Vo)d/Ric 
= |1mA+10V/7.5kQ = 1mA+1.33 mA = 2.33 mA 


Voltage across series combination of R, and R, is 15 V. Applying voltage divider theorem, voltage across 
Ro — aN, 


lO 73S 173: V 
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This locates the point C (OC = 2.33 mA) on the i, axis. By joining points C and D, a.c. load line 
CD 1s constructed (See Fig. 10.17). 


2.33 mA\C 


2mA 


1 mA d.c. LOAD LINE 


O lov. 175V 20V “CE 


Fig. 10.17 


Comments. The reader may see that the operating point lies on both a.c. and d.c. load lines. Itis 
not surprising because signal is a.c. and it becomes zero after every half-cycle. When the signal is 
zero, we have the exact d.c. conditions. Therefore, key point to keep in mind is that the point of 
intersection of d.c. and a.c. load lines 1s the operating point O. 


Example 10.7. Jn a transistor amplifier, the operating point O is fixed at 8V; ImA. When a.c. 
signal is applied, the collector current and collector-emitter voltage change about this point. During 
the positive peak of signal, i. = 1.5 mA and V,,, = 7 V and during negative peak, i. = 0.5mA and Vor 
= 9I° Show this phenomenon with the help of a.c. load line. 


ic (mA) 


Vcr (VOLTS) 


Fig. 10.18 
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Solution. Fig. 10.18 shows the whole process. When no signal is applied, v.,= 8 V and i, = 
ImA. This is represented by the operating point Q on the a.c. load line. During the positive half- 
cycle of a.c. signal, i, swings from | mA to 1.5 mA and v,,, swings from 8 V to 7 V. This is repre- 
sented by point A on the a.c. load line. During the negative half-cycle of the signal, i. swings from 
| mA to 0.5 mA and v,,, swings from 8 V to 9 V. This is represented by the point B on the a.c. load 
line. 

The following points may be noted : 

(i) When ac. signal is applied, the collector current and collector-emitter voltage variations 
take place about the operating point QO. 

(ii) When a.c. signal is applied, operating point moves along the a.c. load line. In other words, 
at any instant of a.c. signal, the co-ordinates of collector current and collector-emitter voltage are on 
the a.c. load line. 


10.9 Voltage Gain 


The basic function of an amplifier is to raise the strength of an a.c. input signal. The voltage gain of 
the amplifier 1s the ratio of a.c. output voltage to the a.c. input signal voltage. Therefore, in order to 
find the voltage gain, we should consider only the a.c. currents and voltages in the circuit. For this 
purpose, we should look at the a.c. equivalent circuit of transistor amplifier. For facility of reference,the 
a.c. equivalent circuit of transistor amplifier is redrawn in Fig. 10.19. 


i. 
l 
: fe Re R, V oink 


Fig. 10.19 


It is clear that as far as a.c. signal 1s concerned, load R, appears in parallel with R,. Therefore, 
effective load for a.c. 1s given by : 


RXR 
a.c.load, Ryo = Reo||R, = oak 
ay 
Output voltage, V’, = i,Ryc 
Input voltage, V",, = i, R,, 
Voltage gain, A, = V’,/V,, 
1. Rue AC Gea 
= = px i 
lb Rin : in s 
Incidentally, power gain is given by; 
2 
A= Rac _ g? x Hac 


Pp a R. 
ly Ri, in 
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Example 10.8. Jn the circuit shown in Fig. 10.20, find the voltage gain. Given that 
B = 60 and input resistance R,, = 1 kQ. 


+10V 


SIGNAL 


Fig. 10.20 


Solution. So far as voltage gain of the circuit is concerned, we need only R,., B and R,,. 
Effective load, Ryo = Rol R; 


RoXR, | 2x05 


"Ran 2405 °° 
R 
Voltage gain = Bx a = wa =24 


Example 10.9. In the circuit shown in Fig. 10.20, if Ro = 10 kQ, R, = 10 kQ, R,, = 2.5 kQ, B = 
100, find the output voltage for an input voltage of ImV r.m.s. 


RXR 10 x10 
Solution. Effective load, Rig = ara = T0410 7 5 kQ 
C L 


R 5kQ 
Volt = x—4¢€ = 100~x 200 
oltage gain B R. > 5kO 
Va 200 
V 
l= 200xT,, = 200x 1 mV = 200mV 


Example 10.10. In a transistor amplifier, when the signal changes by 0.02); the base current 
changes by 10 wA and collector current by ImA. If collector load Ra = 5 kQ and 
R, = 10 kQ2, find: (i) current gain (ii) input impedance (iii) a.c. load (iv) voltage gain 
(v) power gain. 

Solution. Al, =10 pA, Al, = ImA, Al’p,= 0.02 V, Ro =5 kQ, R, = 10 kQ 


; Siena, PS OS = 990 
(1) urrent gain, Al, = 70 uA 
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AV pe _ 0.02V 


il Input impedance, R, = ——~ = = 2kQ 
. RaxXR 5x10 
(iii) a.C. load, Ric — R.+R, = 5410 = 3.3kQ 
R 
(iv) Voltage gain, A, = Bx = 100 x23 = 165 
(vy) Power gain, A, = current gain x voltage gain = 100 x 165 = 16500 


Example 10.11. Jn Fig. 10.21, the transistor has B = 50. Find the output voltage if input 
resistance R,, = 0.5 kQ. 


+30V 


1 mV 
(r.m.s.) 
Fig. 10.21 
Solution. B = 50, R,, = 0.5kQ 
RXR 3X6 
a.c. load, Rac = Ro || R; R.+R, = 346 = 2kQ 
Voltage gan = BXR,J/R,, = 50x 2/0.5 = 200 
row = 700 

OT V 


Output voltage, V’,,, = 200xV,, = 200x(1 mV) = 200 mV 


out 


Example 10.12. Fig. 10.22 shows a transistor circuit. The manufacturer of the circuit shows 
that collector potential is to be + 6V: The voltage measured at point B by a technician is found to be 
+ 4) Is the circuit operating properly ? 


Solution. The voltage at point B is equal to the voltage across k,. Now total voltage J’, across 
the series combination of R, and R, is 6 V. Therefore, using voltage divider method, we have, 


V7, = Voltage across R, 


R 
6 


R, +R, 142 
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Fig. 10.22 
The circuit 1s not operating properly. It is because the voltage at point B should be 2 I’ instead of 
Ay’. 
10.10 A.C. Emitter Resistance 
The ac or dynamic resistance of emitter-base junction diode of a tran- 
sistor is called ac emitter resistance. It 1s defined as the change in 


base-emitter voltage divided by change in corresponding emitter 
current [See Fig. 10.23] i.e. 


AV. 
R = BE 
ac Al; 


For instance, suppose an ac base voltage change of | mV pro- 
duces an ac emitter current change of 50 pA. Then emitter diode has an ac resistance of 
_ IimvV 
Rae ~— 5O UA 
10.11 Formula For AC Emitter Resistance 
It can be shown mathematically that the ac resistance of emitter diode 1s given by ; 
25 mV 


ac Ly 


where J, = dc emitter current (= !’,/R,,) at Q point 


Fig. 10.23 


= 20 Q 


R 


Note the significance of this formula. It implies that ac emitter resistance can be found simply by 
substituting the quiescent value of emitter current into the equation. There is no need to have the 
characteristics available. It is important to keep in mind that this formula is accurate only for small 
signal operation. It is a usual practice to represent ac emitter resistance by r,’. 


25mV 


E 
The subscript e indicates emitter. The lower case r is used to indicate an ac resistance. The 
prime shows that it is an internal resistance. 


Example 10.13. Determine the ac emitter resistance for the transistor circuit shown in Fig. 
10.24. 
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Voc 10 
xR, = 
KK 2 40+10 


Voltage acrossR,, Vy, = V,-Vpa,p = 2-07 = 13V 


x10 =2V 


Solution. Voltage across R,, 1’, = 


; V, 13V 
Emitter current, J, = — = —— = 0.65mA 
“Rp 2kQ 
. . a 25 mV _ 25mV _ | 
AC emitter resistance, r,° = i. Oesak 38.46Q 


10.12 Voltage Gain of CE Amplifier 


The voltage gain (4,) of an amplifier 1s equal to a.c. output voltage (v,,,,,) divided by a.c. input voltage 
(v,,) ie. A, =Vv,,,/V,, We have already seen that voltage gain of a CE amplifier 1s given by; 


R 
Voltage gain, A, = Bx ... for unloaded amplifier 
R 
= Bx a 
Remember that Ro = Ro||R; 

The above formula for A, can be used if we know the values of R, (or R,.), B and R,,. Generally, 
all these values are not known. In that case, we can find the value of 4, in terms of total a.c. collector 
resistance and total a.c. emitter resistance. For the circuit shown in Fig. 10.25 (with C,, connected 
across R,,), it can be proved that the voltage gain is given by ; 


... for loaded amplifier 


R 

Voltage gain, A, = 7 ... for unloaded amplifier 
R 

= —— _ for loaded amplifier 


r 


10.13 Voltage Gain of Unloaded CE Amplifier 


Fig. 10.25 shows the circuit of unloaded CE amplifier (i.e. no load R, is connected to the circuit). 
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Note that emitter bypass capacitor C,, is connected in parallel with emitter resistance R,. The 
capacitor C’, acts as a “short to the a.c. signal so that it bypasses the a.c. signal to the ground. There- 
fore, the emitter is effectively at a.c. ground. It is important to note that C,, plays an important role in 


determining the voltage gain (4,) of the CE amplifier. If 1t is removed, the voltage gain of the ampli- 
fier is greatly reduced (soon you will see the reason for it). 


+ Veco 


| 


ut|_——o 


Fig. 10.25 


| R, 
Voltage gain, A, = 


where R e ac collector resistance 


‘“ 
II 


ac emitter resistance = 25 mV// a 


(7) 


EQUIVALENT CIRCUIT 
OF TRANSISTOR 


Fig. 10.26 


The size of C, is so selected that it offers negligible reactance to the frequencies handled by the amplifier 
(See Example 10.2). 
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Derivation. Fig. 10.25 shows the common emitter amplifier. The ac equivalent circuit of the 
amplifier 1s shown in Fig. 10.26. (i). Replacing the transistor by its *equivalent circuit, we get the 
circuit shown in Fig. 10.26 (ii). Note that current source 1s still connected between the collector and 
base terminals while the diode between the base and emitter terminals. Further, the input current is 
the base current (i,) while the output current is still 7.. 

Note that input voltage (1’,,) is applied across the diode and r,’. Assuming the diode to be ideal 
(so that 1t can be replaced by a wire), the ac emitter current is given by : 


or VV 
Assuming i, 
J vr 


out 


Voltage gain, A, 


or A 


Vv 


where R E 


, 
r, 


Lia 
r, 
iv, ...(i) 
i,, we have, 
i c Ro =i e Ro 
V out = i,Ro = Ro 
Vin i, r,, 
Ro 
ry , 


total a.c. collector resistance 


total a.c. emitter resistance 


Fig. 10.27 shows the simple a.c. model of CE amplifier with C,, con- 
nected across R,. Note that C,, behaves as a short so that R, is cut out 
from the emitter circuit for a.c. signal. Therefore, as for as a.c. signal is 
concemed, the total a.c. emitter resistance is 7,’. 


Fig. 10.27 


Voltage gain for loaded amplifier. Fig. 10.28 () shows a part of a.c. equivalent circuit of the 
OV a.c. 


The transistor equivalent circuit contains three components viz., 


(7) A resistor r, which represents ac emitter resistance. 


(i1) A diode which represents the emitter-base junction of the transistor. 


(iii) Accurrent source which represents the current being supplied to KR, from the collector of the transistor. 
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CE amplifier. Note that load R, 1s connected to the circuit. Remember that for a.c. analysis, }}..=OV 
i.e. at ground. Since both R, and Rk, are connected to the collector on one side and ground on the 
other, the two resistors are in *parallel as shown 1n Fig. 10.28 (ii). 


RoR, 
Total a.c. collector resistance, R,o = Ro|| R, = p-——3- 
Rot k, 
Total a.c. emitter resistance = 1, 
R 
Voltage gain, A, = “2 


10.14 Voltage Gain of CE Amplifier Without C-, 


When we remove the emitter bypass capacitor from the CE amplifier 
shown in Fig. 10.25, the voltage gain of the circuit 1s greatly reduced. 
The reason is simple. Without the emitter bypass capacitor C,,, the emit- 
ter is no longer at the ac ground as shown in Fig. 10.29. Therefore, for 
the a.c. signal, both 7, and R, are in series. As a result, the voltage gain 
of the amplifier becomes : 


, R - 
Voltage gain, A, = ——— ... for unloaded amplifier 
r,+ Rp 
Rac a 
= ... for loaded amplifier 
r+ RK, 


Example 10.14. For the amplifier circuit shown in Fig. 10.30, 
find the voltage gain of the amplifier with (i) C,, connected in the circuit 
(ii) C,, removed from the circuit. 


Fig. 10.29 


+Voce=20V 


* Note that C, behaves as a short for a.c. and is replaced by a wire in the two a.c. circuits. 
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In order to find D.C. J,, we shall proceed as under : 


Vee 20 
Kk SS 
R+R, 2 150+ 20 


D.C. voltage acrossR,, Vy, = V,-Ve_ = 2.35-0.7 = 1.65 V 


D.C. voltage across R,, 1, = x20 = 2.35 V 


= _ fe | = 0.75 mA 
D.C. emitter current, J, R, 2kO 
25 mV 25 mV 
, Dy Jey ey es 98 
AC emitter resistance, r, I, 0.75 mA 
(1) With C, connected 
Ro 12 kQ 
Voltage gain, A, = r,’ ——-33.3Q an 
(ii) Without C, 
Ro 12 kQ 


Voltage gain, A, = +R, = wea G Tie = 5.38 
What a difference the emitter bypass capacitor C,, makes ! With C,, connected, A, = 360 and 
when Cis removed, the voltage gain goes down to 5.38. 


Example 10.15. [fin the above example, a load of 6 KQ is connected (with C,, connected) to the 
collector terminal through a capacitor, what will be the voltage gain of the amplifier? 

Solution. Amplifiers are used to provide ac power to the load. When load #, is connected to the 
collector terminal through a capacitor, the total ac resistance of collector changes to : 


Ric = Rol|R, = 12kQ||6kQ = 


The value of ac emitter resistance remains the same. 


Ric 4kQ 

Voltage gain, A, = r! = 3330 

Thus voltage gain of the amplifier is reduced from 360 to 120 when load is connected to the 
circuit. 


= 120 


Comments. This example shows the fact that voltage gain of the amplifier 1s reduced when load 
is connected to it. Conversely, if the load is removed from an amplifier, the voltage gain will increase. 
If a load goes open circuit, the effect will be the same as removing the load entirely. Thus the primary 
symptom of an open load 1n an amplifier is an increase in the voltage gain of the circuit. 


Example 10.16. For the circuit shown in Fig. 10.31, find (i) a.c. emitter resistance (ii) voltage 
gain (iii) d.c. voltage across both capacitors. 


Solution. 


(i) Inorder to find a.c. emitter resistance 7,’, we shall first find D.C. emitter current J,. To find 


[I We proceed as under : 


V. 9 
D.C. voltage across R,, 1, = Rip = 740430" =1V 
Le 
D.C. voltage acrossR,, Vi, = V5-Vp,=1V-0.7V=0.3V 
J 0.3V 
D.C. emitter current,/, = —! =~-—~ =Q1mA 
o Rz 3kQ 


Now A.C. emitter resistance, 7,9 = 
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+Voc=+9V 


t* 


Fig. 10.31 
(ii) 


. Ra _ 20kQ 

Voltage gain,A, = 7 —550Q~ 80 

(ii) The d.c. voltage across input capacitor is equal to the d.c. voltage at the base of the transistor 
which is J’, = 1V. Therefore, d.c. voltage across C,, 1s 1V. 
Similarly, d.c. voltage across C,,= d.c voltage at the emitter = 17, = 0.3V. 


Example 10.17. For the circuit shown in Fig. 10.32, find (i) the d.c. bias levels (ii) d.c. voltages 
across the capacitors (iii) a.c. emitter resistance (iv) voltage gain and (v) state of the transistor. 


Vec= +15 V 


R, =1kQ 


Cc 


Fig. 10.32 
Solution. 


(i) D.C. bias levels. The d.c. bias levels mean various d.c. currents and d.c. voltages. 


Voc 15 
r = ———xk, = 10 =3V 
D.C. Voltage across R,, V, R, +R 2 ~ 710410 
D.C. base voltage = 1,=3V 


D.C. voltage acrossR,, Vy = V,-Vp,=3V-0.7V =2.3V 
D.C. emitter current, J, 


Single Stage Transistor Amplifiers ™@ 265 


D.C. collector current,J. = [,=2.3mA 
D.C. base current, J, = I,/B=2.3 mA/100 = 0.023 mA 
D.C. collector voltage, Vi, = Voe-IpRe 
1I5V—-2.3 mA x 2kQ=10.4V 
Therefore, all d.c. bias levels stand calculated. 


(il) D.C. voltage acrossC,, = V’,=3V 
D.C. voltage acrossC, = J,=2.3V 
D.C. voltage acrossC, = J,=10.4V 
a . ; 25mV_ 25mV 
(iil) a.c. emitter resistance, r, = a ->3mA = 10.90 
(iv) Total a.c. collector resistance is given by ; 
ue = Ria pe 
RatR, 2+1 
. Ric 0.667 kQ 
Voltage gain, A, = ri -— 0902 7 61.2 


(v) As calculated above, I’, = 10.4V and J7,=2.3V. Since J’,> I’, the transistor is in active 
state. 


Example 10.18. An amplifier has a voltage gain of 132 and B = 200. Determine the power gain 
and output power of the amplifier if the input power is 60 UW. 

Solution. 

Power gain, A » = current gain x voltage gain 
B x A, = 200 x 132 = 26400 
Output power, P,,, = A, x Pi, = (26400) (60 WW) = 1.584 W 

Example 10.19. For the circuit shown in Fig. 10.33, determine (i) the current gain (ii) the 

voltage gain and (iii) the power gain. Neglect the a.c. emitter resistance for the transistor. 


+ Vec 


Fig. 10.33 


Solution. In most practical circuits, the value of a.c. emitter resistance 1 for the transistor is 
generally quite small as compared to R, and can be neglected in circuit calculations with reasonable 
accuracy. 
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(i) I, = I,—-I, = 10mA—-200 pA =9.8 mA 
. lout 4c . 9.8mA 
Current gain,A, = B= I, = Tp ~200nA ~ 49 
Ra _ 4.7kQ 
(ii) Voltage gain, A, = Re “57 9kQ = 2-14 
(ili) Power gain, as = A,xA,=49x2.14=105 


10.15 Input Impedance of CE Amplifier 


When one CE amplifier is being used to drive another, the 
input impedance of the second amplifier will serve as the load 
resistance of the first. Therefore, in order to calculate the 
voltage gain (4) of the first amplifier stage correctly, we must 
calculate the input impedance of the second stage. VA 


Zin (base) 


The input impedance of an amplifier can be found by 
using the ac equivalent circuit of the amplifier as shown in 
Fig. 10.34. 


R, SILICON 


in = R, | Ry II Lind) ? F 
where Z., = input impedance of the amplifier Fig. 10.34 
Zin (base) = put impedance of transistor base 
Now Z in (base) ~ *B re 


The input impedance [Z,,] is always less than the input impedance of the base [Z.,.¢,4se)]: 


Example 10.20. Determine the input impedance of the amplifier circuit shown in Fig. 10.35. 


r i, . ; , 
" = a Since = is approximately equal to B, Z,, Gay Br. 
b 
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Voltage across R,, V7, = V,-Va, = 7.5-0.7 = 7.5 V 


V5, 7.5V 
Emitter current, J, R, 75kO 
AC emitter resistance, vr, = 25mV/, = 25mV/l mA = 25 Q 
Zin base) = BY, = 200X25 = 5x 10°Q = 5kQ 


Zi = Ky || Ro||Z 


in in (base) 


= 45kQ||15kQ||5kQ = 3.45kQ 
10.16 Voltage Gain Stability 


One important consideration for an amplifier is the stability of its voltage gain. An amplifier should 
have voltage gain values that are stable so that the output of the circuit 1s predictable under all normal 
conditions. In a standard CE amplifier, the entire d.c. emitter resistance R,,1s bypassed by the bypass 
emitter capacitor C,,. Therefore, the total a.c. emitter resistance is r;. The voltage gain of such an 
amplifier at no-load is given by ; 


. Ry , 25mV 
Voltage gain, A, = —* where F, = 
"OW ly 


The voltage gain of a standard CE amplifier 1s quite large. However, the drawback of the circuit 
is that its voltage gain changes with emitter current /,, temperature variations and transistor replace- 
ment. For example, if emitter current /,, increases, the a.c. emitter resistance r, decreases. This changes 
the voltage gain of the amplifier. Similarly, when the temperature varies or when a transistor is re- 
placed, the a.c. current gain B changes. This will also result in the change in voltage gain. In order to 
stabilise the voltage gain, the emitter resistance R,, is partially bypassed by C,,. Such an amplifier is 
called a swamped amplifier. 


Standard CE Amplifier Swamped Amplifier 
(7) (7) 
Fig. 10.36 
Fig. 10.36 @) shows the emitter leg of a standard CE amplifier while Fig. 10.36 (ii) shows the 


emitter leg of swamped amplifier. In swamped amplifier, the resistance R, 1s split into two parts viz. 
R,, and R,,. Only R,,, is bypassed by C,, while R,,, 1s not. 


10.17 Swamped Amplifier 


Fig. 10.37 shows the circuit of a swamped amplifier. Note that d.c. emitter resistance R, is divided 
into two parts viz. R,, and R,,. Only resistance R,,. 1s bypassed by the capacitor C,, while resistance 
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R 7 isnot. This method swamps or minimises the effect of 7; on the voltage gain without reducing the 
voltage gain too much. Now the total a.c. emitter resistance is (7, +R,,) instead of 7; asin a standard 
CE amplifier. Therefore, the voltage gain of a swamped amplifier at no-load becomes : 

Ro 
r+Rz 


Voltage gain, A, = 


+ Vee 


If Rp, 2 10 r,, then the effect of 7, is almost negligible and the voltage gain is given by ; 


R 
A, = ae 
El 


Therefore, the voltage gain is essentially independent of 7, or it is reasonably stabilised. 


Effect of swamping on Z,, gasey TNE Zin wasey With Ry completely bypassed 1s Z;,, pase) = B Kr 
When the emitter resistance 1s partially bypassed, the portion of the resistance that is unby passed (i.e. 


R 7) is seen by the a.c. signal and appears in series with 7, . Therefore, for swamped amplifier, 
Lav ases — B A + Ry) 


Example 10.21. Determine the value of voltage gain (A,) for the swamped amplifier shown in 
Fig. 10.38. What will be Z,, base) JOY this circuit ? 


Solution. In order to find voltage gain (A,), we first determine D.C. emitter current /,, and then 
a.c. emitter resistance 7, . The value of J,,can be determined as under : 


. CC _ 10 
D.C. voltage across R,, I’, R+R, X ity = iss 47%" =21V 


D.C. voltage across Ry, Vy = V,-Vp,p=2.1V-0.7V = 1L4V 


Ry) tRp, 300249002 


. ; 25mV_ 25mV 
a.c.emitter resistance, r, = i 1) 1l6mA 72132 


D.C. emitter current, J, = =] 1l6mA 


. Rao 1.5 kQ 
Voltage gain, A, = r+Rp = 5150 +3000 ~ 4-66 
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Input impedance of transistor base is given by ; 


Z = BC +R) = 150 (21.5Q + 300Q) = 48.22 kQ 


in (base) 


00 Q C 
T E 


Fig. 10.38 


Example 10.22. Determine the change in voltage gain for the amplifier in example 10.21 when 
r, doubles in value. 


Solution. 
Ro 
r+ Rr 


Voltage gain, A, = 
When 7 doubles, the value of A, becomes : 


Ro 1.5 kQ 
v > WR, 2x21.524300Q ~43! 
- Change in gain =4.66—4.37 =0.29 
Therefore, percentage change from the original value 


4.66 — 4.37 0.29 
= — — X100 = —— x100 = 6.22% 
166 1 66 6.22% (decrease) 


Consequently, the change in A, is only 6.22% from the original value. In an amplifier that 1s not 


A 


swamped, doubling the value of 7; would cause the value of A, to change (decrease) by *50%. Thus 


the voltage gain (4,) of the amplifier becomes more stable by swamping the emitter circuit. 


Example 10.23. Fig. 10.39 shows the circuit of a *“standard CE amplifier. The emitter circuit 
of this amplifier is swamped as shown in Fig. 10.40. Find : 


(i) input impedance of transistor base [i.e. Z | for each circuit. 


in (base 


(ii) input impedance (Z,,) for each circuit. 


i a a 


R 
Original A, = ; Final. Ao 3,7 . Obviously, a change of 50% from the original value. 
Remember that in a standard CE amplifier, the emitter resistance RK, 1s completely bypassed by the capaci- 


tor Cx 


270 @ Principles of Electronics 


Vcc =+ 10V 


Fig. 10.39 Fig. 10.40 


Solution. Both the circuits have the same value of a.c. emitter resistance 1. Therefore, follow- 


ing the standard procedure for finding 7, gives us a value of *25Q for both circuits. 
(i) Lin (base) 
For the standard CE amplifier shown in Fig. 10.39, we have, 
Dine = Br, = 200 x 252 =5kQ 


For the swamped amplifier shown in Fig. 10.40, we have, 


Lin (base) — B (% + Ry) 
= 200 (25Q + 210 Q) = 47000Q = 47 kQ 
(ii) Z,,, 
For the standard CE amplifier shown in Fig. 10.39, we have, 
Zn = RyWRyIlZ 


in in (base) 


= 10kQ || 2.2 kQ || 5kQ = 1.33 kQ 
For the swamped amplifier circuit shown in Fig. 10.40, we have, 
Zin = Ry NWR II Zin Gase) 
= 10kQ || 2.2. kQ || 47 kQ = 1.74 kQ 
Note that swamping increases the input impedance (Z,,) of the amplifier. This reduces the 
amplifier’s loading effects on a previous stage. 
Example 10.24. Find the voltage gain for both circuits of example 10.23. 
Solution. 
For the standard CE amplifier shown in Fig. 10.39, the voltage gain (4,) 1s given by ; 
Ra _ 4kQ 


“25Q = 160 


Vv — r, 
For the swamped amplifier shown in Fig. 10.40, the voltage gain (4,) 1s given by ; 


Vi 10 
* Jo=——xR = 422 = | _ = 
Va R +R 10422 1.8V 3 V,=V,—Vpp = 18V—-0.7V =1.1V 
Ky  1ty | 25mV_ 25mV 
L4= ~"T1kO =1lmA wm =F lImA 72 


E 
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Ro _ 4k _ 4kQ 
v~ A+R, 25Q4+210Q 235Q 7 


The following points may be noted ; 


A 17 


(i) The two circuits are identical for d.c. analysis purposes. Both have a total of 1.1. kQ d.c. 
resistance in their emitter circuits. 

(ii) For a standard CE amplifier, the total a.c. emitter resistance is r,. When this amplifier is 
swamped, the total a.c. emitter resistance is increased to (r, +R a 

(iii) Swamping reduces the voltage gain of the amplifier. However, the gain of a swamped ampli- 
fier is more stable than that of a comparable standard CE amplifier. 


10.18 Classification Of Amplifiers 


The transistor amplifiers may be classified as to their 
usage, frequency capabilities, coupling methods and 
mode of operation. 

(i) According to use. The classifications of am- 
plifiers as to usage are basically voltage amplifiers and 
power amplifiers. The former primarily increases the 
voltage level of the signal whereas the latter mainly 
increases the power level of the signal. 

(ii) According to frequency capabilities. Ac- 
cording to frequency capabilities, amplifiers are clas- 
sified as audio amplifiers, radio frequency amplifiers 
etc. The former are used to amplify the signals lying 
in the audio range i.e. 20 Hz to 20 kHz whereas the latter are used to amplify signals having very high 
frequency. 


Radio amplifiers 


(iii) According to coupling methods. The output from a single stage amplifier 1s usually insuf- 
ficient to meet the practical requirements. Additional amplification 1s often necessary. To do this, the 
output of one stage is coupled to the next stage. Depending upon the coupling device used, the ampli- 
fiers are classified as R-C coupled amplifiers, transformer coupled amplifiers etc. 

(iv) According to mode of operation. The amplifiers are frequently classified according to their 
mode of operation as class A, class B and class C amplifiers. This classification depends on the 
portion of the input signal cycle during which collector current is expected to flow. Thus, class A 
amplifier 1s one in which collector current flows for the entire a.c. signal. Class B amplifier is one in 
which collector current flows for half-cycle of input a.c. signal. Finally, class C amplifier 1s one in 
which collector current flows for less than half-cycle of a.c. signal. 


Example 10.25. What do you understand by following amplifiers: 
(i) Class A voltage amplifier (ii) Audio voltage amplifier 
(iii) Class B power amplifier (iv) Class A transformer coupled power amplifier ? 


Solution. (i) Class A voltage amplifier means that it raises the voltage level of the signal and its 
mode of operation is such that collector current flows for the whole input signal. 
(ii) Audio voltage amplifier means that it raises the voltage level of audio signal (i.e. one having 
frequency range 20 Hz to 20 kHz) and its mode of operation is class A. 
(iii) It means that this amplifier raises the power level of the signal and its mode of operation is 
such that collector current flows for half-cycle of the signal only. 
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(iv) It means that power amplification is being done, coupling is by transformer and mode of 
operation is class A. 


10.19 Amplifier Equivalent Circuit 
An amplifier can be replaced by an equivalent circuit for the purpose of analysis. Fig. 10.41 (/) shows 
the amplifier circuit while Fig. 10.41 (i/) shows its equivalent circuit. 
}’) = input signal voltage to the amplifier 
I, = input signal current 
= input resistance of the amplifier 
A, = voltage gain of the amplifier when no load is connected 
I, = output current 
J’, = output voltage across load R, 
R., = output resistance of the amplifier 
R, = load resistance 
A, = voltage gain when load R, is connected 


AMPLIFIER 


(i) (i1) 
Fig. 10.41 


Note that capability of the amplifier to produce voltage gain is represented by the voltage gen- 
erator A,J’,. The voltage gain of the loaded amplifier is A,. Clearly, A, will be less than A, due to 
voltage drop in R 


out’ 


10.20 Equivalent Circuit with Signal Source 


If the signal source of voltage E, and resistance R,is considered, the amplifier equivalent circuit will 
be as shown 1n Fig. 10.42. 


Referring to Fig. 10.42, we have, 


EB 
I = s 
Ry t+ K,, 
E.R. 
J = | a _ Sin 
; : R,+R,, 
A, V, 
I. = 01 
: Rout + Ry, ° 
_ Ay I, Rn - 
Kg Pua .. (ii) 


VR 
y=] ERS aoe. (iii) 


out L 
V, Ay Rr 
Voltage gain, A, = V = R_ +R, 
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_ 1, AR, 
Current gain, A, = 7, = R_ +R, 

| DR. . CR)1, 
Power gain, A, = — = 


= A xA. 


Note. The use of such an equivalent circuit is restricted to the signal quantities only. Further, in drawing the 
equivalent circuit, it is assumed that exact linear relationship exists between input and output signals 7.e. the 
amplifier produces no waveform distortion. 


Example 10.26. An amplifier has an open circuit voltage gain of 1000, an input resistance of 
2 kQ and an output resistance of 1Q. Determine the input signal voltage required to produce an 
output signal current of 0.5A in 4Q resistor connected across the output terminals. 


out 


R,=4Q 


Fig. 10.43 


Solution. Fig. 10.43 shows the equivalent circuit of the amplifier. Here A, = 1000. 


ee See Art. 10.20 
i — R+R, [See Art. 10.20] 
_ 1000x2000 _ 4. 493 
1+4 
I 
I = 2 = 2 = 125x10%A 
4x10? 4x10 
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Now I, = LR, = (1.25x10°)x 2000 = 2.5x 10° V = 2.5mV 


Example 10.27. An amplifier has an open circuit voltage gain of 1000, an output resistance of 
15Q and an input resistance of 7kQ. It is supplied from a signal source of e.m.f. 10mV and internal 
resistance 3kQ. The amplifier feeds a load of 35 9. Determine (i) the magnitude of output voltage 
and (ii) power gain. 

Rs=3KQ Ryyg=1SQ 


out 


( Avy V, = 1000 V, 


E;= 10 mV 


Fig. 10.44 


a E 10x10~ F 
Solution. (1) I, = Ro +R. = 3000 + 7000 = 10 oA 


in 


= 10°x 7000 = 7x 10° V 


— 
| 
i, 

p.) 


V. R 
a= Pe ee, OS 9 
» 7 VOR FR, 15435 


out 


I’, = 7001, = 700x7x10° = 4.9V 


Ve (4.99 
i = “= = 0.686 W 
(il) Output power, P, R, 35 
MW? | 7x10%) : 
Input power, P, = a aes —— = 7x10°W 
P. 0.686 6 
Power gain, A, = = = > = 98 x 10 
: Po FR 710° 


Example 10.28. An amplifier, when loaded by 2 kQQ resistor, has a voltage gain of 80 and a 
current gain of 120. Determine the necessary signal voltage and current to give an output voltage of 
1V. What is the power gain of the amplifier ? 


Solution. A, = a = 80 
] 
I, = 1/80 = 1/80 = 0.0125 V = 12.5mV 
A. = Au See Art. 10.20 
: R_ +R, ...[See Art. 10.20] 
A. = Ay Bin See Art. 10.20 
_— R_.+R, ...[See Art. 10.20] 
A, _ Ry, 
A, Rin 
or <— = — 
120 R., 
R. = 120x 2/80 = 3kQ 


= 
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AMPLIFIER 


Fig. 10.45 


I, = V/R,, = 12.5 mV/3 kQ = 4.17 pA 
Power gain = A, xA, = 80120 = 9600 


10.21 Gain and Transistor Configurations 


We know that the process of raising the strength of an a.c. signal is called amplification and the circuit 
used to preform this function is called an amplifier. There are three types of gain : current gain, 
voltage gain and power gain. 

(i) The common emitter (CE) amplifier exhibits all there types gain . From input to output, 
current will increase, voltage will increase and power will increase. 

(ii) The common base (CB) amplifier has voltage gain and power gain but no current gain. Note 
that the current gain of a CB circuit is less than 1. 

(iii) The common collector (CC) amplifier has current gain and power gain but no voltage gain. 

It is important to note that the type of gain an amplifier has depends upon the transistor configu- 
ration. Consequently, the choice of an amplifier for a given application often depends on the type of 
gain that is desired. Since CE arrangement is widely used (in about 90% applications), we shall be 
mainly concentrating on this type of circuit. 


MULTIPLE-CHOICE QUESTIONS 


1. A single stage transistor amplifier contains (ij) 20V (ii) SV 
(oes and associated circuitry. (iii) 2V (iv) 10V 
(i) twotransistors (7) one transistor 6. In the zero signal conditions, a transistor 
(iii) three transistors SEES... load. 
(iv) none of the above (i) dc. (ii) ac. 
2. The phase difference between the output and (ii?) both dc. and ac 
input voltages of a CE amplifier 1s .......... 


(iv) none of the above 


= =e be 7 0° 7. The input capacitor in an amplifier is the 
3. Itis generally desired that a transistor should oe i a . 
have ....... input impedance. (i) coupling (ii) bypass 
(i) low (ii) very low (iii) leakage (iv) none of the above 
(iii) high (iv) very high 8. The point of intersection of d.c. and a.c. load 


lines is called ....... 


4. When an a.c. signal 1s applied to an ampli- . 
(i) saturation point (ii) cut off point 


fier, the operating point moves along ........ 


(?) dc. loadline (ii) ac. load line (iii) operating point (jv) none of the above 
(ii?) both d.c. and ac. load lines 9. The slope of a.c. load line 1s .......... that of 
(iv) none of the above dc. load line. 

(i) the same as (ii) more than 


5. Ifthe collector supply 1s 10 V, then collector ns | 
cut off voltage under d.c. conditions is ........ (iii) less than (iv) none of the above 
10. If a transistor amplifier draws 2 mA when 
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input voltage is 10 V, then its input imped- 


ance IS ......... 
(i) 20kQ (ii) 0.2 kQ 
(iii) 10kQ (iv) 5kQ 


11. When a transistor amplifier 1s operating, the 
current in any branch is ........ 
(i) sum of a.c. and d.c. 
(ii) a.c. only (iii) d.c. only 
(iv) difference of a.c. and d.c. 
12. The purpose of capacitors 1n a transistor am- 
plifier is to ........... 
(i) protect the transistor 
(ii) cool the transistor 
(iii) couple or bypass a.c. component 
(iv) provide biasing 
13. In the d.c. equivalent circuit of a transistor 
amplifier, the capacitors are considered 


aoe e enone 


(i) short (ii) open 
(iii) partially short (iv) none of the above 
14. Ina CE amplifier, voltage gain =..... x “as 
(i) a (ii) (1+ aq) 


(ii) (1 +B) (iv) B 
15. In practice, the voltage gain of an amplifier 
is expressed ........ 
(i) as volts (ii) as anumber 
(iii) in db (iv) none of the above 
16. Ifthe power and current gains of a transistor 
amplifier are 16500 and 100 respectively, 
then voltage gain is ........ 
(i) 165 (ii) 165 x 10° 
(iii) 100 (iv) none of the above 
17. If R. and R, represent the collector resis- 
tance and load resistance respectively in a 
single stage transistor amplifier, then a.c. 


load 1s .......... 
Gi) R,+Re Gi) Ro|R, 
Gii) R,-Re (iv) Re 


18. In a CE amplifier, the phase difference be- 
tween voltage across collector load R, and 
signal voltage is ........ 

(i) 180° (ii) 270° 
(iii) 90° (iv) 0° 

19. In the a.c. equivalent circuit of a transistor 
amplifier, the capacitors are considered ........ 
(i) short (ii) open 


(iii) partially open (iv) none of the above 
20. In a single stage transistor amplifier, Rand 
R, represent collector resistance and load 


resistance respectively. The transistor sees 
a d.c. load of ........ 


(i) Rot+R, Gi) Re || R; 
(iii) R, (iv) Ro 
21. The purpose of d.c. conditions in a transis- 
tor is to ........ 


(i) reverse bias the emitter 
(ii) forward bias the collector 
(iii) set up operating point 
(iv) none of the above 
22. An amplifier has a power gain of 100. Its 
db gain 1s........ 
(i) 10 db (ii) 20 db 
(iii) 40 db (iv) none of the above 
23. Inorder to get more voltage gain from a tran- 
sistor amplifier, the transistor used should 
have ........... 
(i) thin base (ii) thin collector 
(iii) wideemitter (iv) none of the above 
24. The purpose of a coupling capacitor in a tran- 
sistor amplifier is to ........... 
(i) increase the output impedance of 
transistor 
(ii) protect the transistor 
(iii) pass a.c. and block d.c. 
(iv) provide biasing 
25. The purpose of emitter capacitor (i.e. capaci- 
tor across R,,) is to ......... 
(i) avoid voltage gain drop 
(ii) forward bias the emitter 
(iii) reduce noise in the amplifier 
(iv) none of the above 
26. The ratio of output to input impedance of a 


CE amplifier is ......... 
(i) about 1 (ii) low 
(ii) high (iv) moderate 


27. If a transistor amplifier feeds a load of low 
resistance (e.g. speaker), then voltage gain 
will be ........ 

(i) high (ii) very high 
(iii) moderate (iv) low 

28. If the input capacitor of a transistor ampli- 
fier 1s short-circuited, then ....... 

(i) transistor will be destroyed 
(ii) biasing conditions will change 


Single 


(iii) signal will not reach the base 
(iv) none of the above 
29. The radio wave picked up by the receiving 
antenna 1s amplified about ........ times to 
have reasonable sound output. 
(7) 1000 (ii) amillion 
(iii) 100 (iv) 10000 
30. A CE amplifier is also called ........ circuit. 
(i) grounded emitter 
(ii) grounded base 
(iii) grounded collector 
(iv) none of the above 
31. The d.c. load of a transistor amplifier is gen- 
erally ....... that of a.c. load. 
(i) the same as (ii) less than 
(iii) more than (iv) none of the above 
32. The value of collector load RK, in a transis- 
tor amplifier is ........ the output impedance 
of the transistor. 
(i) the same as (ii) less than 
(iii) more than (iv) none of the above 
33. A single stage transistor amplifier with col- 


lector load R, and emitter resistance R,, has 
adic. load of ............ 


(i) Re Gi) Ro || Rp 
(iii) R.-Ry (iv) Rot Ry 
34. In transistor amplifiers, we generally use 
ee capacitors. 
(i) electrolytic (ii) mica 
(iii) paper (iv) air 
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35. A single stage transistor amplifier with no 

load sees an a.c. load of ........ 
(i) RotR, Gi) Re 
Gii) Ro||Re (iv) Ro/ R; 

36. The output power of a transistor amplifier 1s 
more than the input power because the addi- 
tional power is supplied by ........ 

(i) transistor (ii) biasing circuit 
(iii) collector supply VA 
(iv) none of the above 
37. A transistor converts ........ 
(i) d.c. power into a.c. power 
(ii) a.c. power into d.c. power 
(iii) high resistance into low resistance 
(iv) none of the above 
38. A transistor amplifier has high output im- 
pedance because ........ 
(i) emitter is heavily doped 
(ii) collector has reverse bias 
(iii) collector is wider than emitter or base 
(iv) none of the above 
39. For highest power gain, one would use ....... 


configuration. 
(i) CC (ii) CB 
(iii) CE (iv) none of the above 


40. CC configuration is used for impedance 
matching because its ............ 
(i) input impedance 1s very high 
(ii) input impedance is low 
(iii) output impedance is very low 
(iv) none of the above 


Answers to Multiple-Choice Questions 


(iii) 
(iii) 
(ii) 
(iv) 
(7) 
(ii) 
(iv) 
(ii) 


» GP 
. & 
« (iv) 
~ @ 
. (iii) 
. (ii) 
~« | 


> fe 


Chapter Review Topics 


1. What do you understand by single stage transistor amplifiers ? 


2. Explain with the help of output characteristics how the variations in base current affect collector 
current variations. Assume the base current varies sinusoidally. 


278 @ Principles of Electronics 


ot oe 


Draw the circuit of a practical single stage transistor amplifier. Explain the function of each component. 
Show the various currents and voltages in a single stage transistor amplifier. 


Show that the output voltage ofa single stage common emitter transistor amplifier 1s 180° out of phase 
with the input voltage. 


What do you understand by d.c. and a.c. load lines ? How will you construct them on the output 
characteristics ? 


Draw the d.c. and a.c. equivalent circuits of a transistor amplifier. 
Derive an expression for the voltage gain of a transistor amplifier from its a.c. equivalent circuit. 
Write short notes on the following : 


(i) phase reversal (ii) d.c. and a.c. load lines 
(iii) operating point (iv) classification of amplifiers. 
Problems 
In transistor amplifier, the collector current swings from 2 mA to 5 mA as the base current is changed 
from 5 pA to 15 pA. Find the current gain. [300] 
A transistor amplifier employs a 4 kQ as collector load. If the input resistance is 1 kQ, determine the 
voltage gain. Given B = 100, g, =10 mA/Vvolt and signal voltage = 50 mV. [1.04] 


Fig. 10.46 shows the transistor amplifier. If R.=4 kQ, R, =5 kQ and I’... = 30 V, draw the d.c. load 
line. 


+ Vee 


Fig. 10.46 
Find the operating point for Fig. 10.46, 7. = 30 V, R, = 20 kQ, R, = 20 kQ, R= 4 kQ, R, = 5 kQ. 
[13.2V, 1.85mA] 
For the circuit shown in Fig. 10.46, find the voltage gain if B = 100, R.= 3 kQ, R, =6kQ and R,, = 
2 kQ. [100] 
In the circuit shown in Fig. 10.46, V..= 30 V,R, =2kQ, R,=1kQ, Ro=2 kQ, R, =2kQ, R= 1kQ. 
Draw the d.c. and a.c. load lines. 


A voltage-divider biased circuit has an emitter voltage of 2 V and an emitter resistor of 4.7 kQ. What 
is the ac resistance of emitter diode ? [58.7 Q] 


A transistor amplifier has a de collector current of 5 mA. What is the ac resistance of the base if B = 
200 ? [1000 Q] 


Determine the voltage gain for the amplifier circuit shown in Fig. 10.47. 
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+ Vec= 30 V 


Fig. 10.47 


10. What is the input impedance of the amplifier circuit shown in Fig. 10.47 ? [1.75 kQ] 
11. A voltage-divider biased amplifier has the values of R, = 40 kQ, R, = 10k, R= 6 kQ; R, = 2 kQ, 
Voc= +10V and B = 80. Determine the a.c. emitter resistance of the transistor. [38.46Q] 


12. Astandard CE amplifier has the following values : )’.,= 30V, R, = 51 kQ, R, =5.1kQ, R= 5.1 kQ, 
R,, = 910 and B = 250. Determine the voltage gain of the amplifier. [455.4] 


13. ACE amplifier has a voltage gain A, = 59.1 and B = 200. Determine the power gain and output power 
of the amplifier when input power is 80 UW.. [11820 ; 945.6 mW] 


14. Determine the voltage gain for the first stage in Fig. 10.48. [53.03] 
15. Ifthe value of B for the second stage in Fig. 10.48 is increased to 280, determine the voltage gain of 
the first amplifier stage. [58.08] 


9+ 15V 


Fig. 10.48 


Discussion Questions 


1. Does phase reversal affect amplification ? 

2. Why does ac load differ from de load ? 

3. What is the importance of load line analysis ? 
4. Why 1s ac load line steeper than dc load line? 
5. What is the significance of operating point ? 
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11.1. Multistage Transistor 
Amplifier 


11.2 Role of Capacitors in 
Transistor Amplifiers 


11.3 Important Terms 
11.4 Properties of dB Gain 


11.5 RC Coupled Transistor 
Amplifier 


11.6 Transformer-Coupled Amplifier 
11.7 Direct-Coupled Amplifier 


11.8 Comparison of Different Types 
of Coupling 


11.9 Difference Between Transistor 
And Tube Amplifiers 


INTRODUCTION 


4 : ¥ output from a single stage amplifier is usually insufficient to drive an output device. 
Inther words, the gain of a single amplifier is inadequate for practical purposes. Conse 
quently, additional amplification over two or three stages is necessary. To achieve this, the 

output of each amplifier stage is coupled in some way to the input of the next stage. The resulting 
system is referred to as multistage amplifier. It may be emphasised here that a practical amplifier is 
always a multistage amplifier. For example, in a transistor radio receiver, the number of amplifica- 
tion stages may be six or more. In this chapter, we shall focus our attention on the various multistage 
transistor amplifiers and their practical applications. 


11.1 Multistage Transistor Amplifier 


A transistor circuit containing more than one stage of amplification is known as multistage transis- 
tor amplifier. 
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In a multistage amplifier, a number of single amplifiers are connected in “cascade arrangement 
i.e. output of first stage is connected to the input of the second stage through a suitable coupling 
device and so on. The purpose of coupling device (e.g. a capacitor, transformer etc.) is (i) to transfer 
a.c. output of one stage to the input of the next stage and (ii) to isolate the d.c. conditions of one stage 
from the next stage. Fig. 11.1 shows the block diagram of a 3-stage amplifier. Each stage consists of 
one transistor and associated circuitry and is coupled to the next stage through a coupling device. The 
name of the amplifier is usually given after the type of coupling used. e.g. 


Name of coupling Name of multistage amplifier 
RC coupling R-C coupled amplifier 
Transformer coupling Transformer coupled amplifier 
Direct coupling Direct coupled amplifier 


SECOND 
STAGE 


Fig. 11.1 


STAGE 


(i) In RC coupling, a capacitor is used as the coupling device. The capacitor connects the 
output of one stage to the input of the next stage in order to pass the a.c. signal on while blocking the 
d.c. bias voltages. 


(ii) In transformer coupling, transformer is used as the coupling device. The transformer cou- 
pling provides the same two functions (viz. to pass the signal on and blocking d.c.) but permits in 
addition impedance matching. 


(iii) In direct coupling or d.c. coupling, the individual amplifier stage bias conditions are so 
designed that the two stages may be directly connected without the necessity for d.c. isolation. 


11.2 Role of Capacitors in Transistor Amplifiers 


Regardless of the manner in which a capacitor is connected in a transistor amplifier, its behaviour 
towards d.c. and a.c. is as follows. A capacitor blocks d.c. i.e. a capacitor behaves as an “open**” 
to d.c. Therefore, for d.c. analysis, we can remove the capacitors from the transistor amplifier circuit. 
A capacitor offers reactance (= 1/27fC) to a.c. depending upon the values of fand C. In practical 
transistor circuits, the size of capacitors is so selected that they offer negligible (ideally zero) reac- 
tance to the range of frequencies handled by the circuits. Therefore, for a.c. analysis, we can replace 
the capacitors by a short i.e. by a wire. The capacitors serve the following two roles in transistor 
amplifiers : 

1. As coupling capacitors 

2. As bypass capacitors 


1. Ascoupling capacitors. In most applications, you will not see a single transistor amplifier. 
Rather we use a multistage amplifier i.e. a number of transistor amplifiers are connected in series or 
cascaded. The capacitors are commonly used to connect one amplifier stage to another. When a 
capacitor is used for this purpose, it is called a coupling capacitor. Fig. 11.2 shows the coupling 
capacitors (C,,; Co, 3 Co, and C,,) in a multistage amplifier. A coupling capacitor performs the 
following two functions : 


(i) It blocks d.c. i.e. it provides d.c. isolation between the two stages of a multistage amplifier. 


The term cascaded means connected in series. 


. For d.c., f= 0 so that X,.— oe. Therefore, a capacitor behaves as an open to d.c. 


1 
X.=—— 
© 2nfC 
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(ii) It passes the a.c. signal from one stage to the next with little or no distortion. 


+ Voc 
Output to 
next stage 
Re Re Re 
j C2 i i fa 
———o 
2) (on a 
R, Re R, Ry R, Ry 
Input from ¥ = = = — 
previous stage 
Fig. 11.2 


2. Asbypass capacitors. Like acou- 
pling capacitor, a bypass capacitor also 
blocks d.c. and behaves as a short or wire 
(due to proper selection of capacitor size) 
to an a.c. signal. But it is used for a differ- 
ent purpose. A bypass capacitor is con- 
nected in parallel with a circuit component 
(e.g. resistor) to bypass the a.c. signaland °° —— 
hence the name. Fig. 11.3 shows abypass _— Signal 
capacitor C, connected across the emitter 
resistance R,,. Since C, behaves as a short 
to the a.c. signal, the whole of a.c. signal 
(i,) passes through it. Note that C, keeps 
the emitter at a.c. ground. Thus for a.c. 
purposes, R, does not exist. We have al- 
ready seen in the previous chapter that C, 
plays an important role in determining the 
voltage gain of the amplifier circuit. If C, 1s Fig. 11.3 
removed, the voltage gain of the amplifier 
is greatly reduced. Note that C,, is the coupling capacitor in this circuit. 


11.3 Important Terms 
In the study of multistage amplifiers, we shall frequently come across the terms gain, 
frequency response, decibel gain and bandwidth. These terms stand discussed below : 


(i) Gain. The ratio of the output “electrical quantity to the input one of the amplifier is called 
its gain. 


Accordingly, it can be current gain or voltage gain or power gain. 
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The gain of a multistage amplifier is equal to the product of gains of individual stages. For 
instance, if G,, G, and G, are the individual voltage gains of a three-stage amplifier, then total voltage 
gain G is given by: 

"G = G,xG,xG, 


It is worthwhile to mention here that in practice, 
total gain G is less than G, x G, x G, due to the load- 
ing effect of next stages. 


(ii) Frequency response. The voltage gain of 
an amplifier varies with signal frequency. It is be- 
cause reactance of the capacitors in the circuit changes 
with signal frequency and hence affects the output 
voltage. The curve between voltage gain and signal 
frequency of an amplifier is known as frequency re- 
sponse. Fig. 11.4 shows the frequency response of a 
typical amplifier. The gain of the amplifier increases 0 A 
as the frequency increases from zero till it becomes FREQUENCY 
maximum at f,, called resonant frequency. If the fre- 
quency of signal increases beyond f,, the gain de- 
creases. 


MAXIMUM 
GAIN 


VOLTAGE GAIN 


Fig. 11.4 


The performance of an amplifier depends to a considerable extent upon its frequency response. 
While designing an amplifier, appropriate steps must be taken to ensure that gain is essentially uni- 
form over some specified frequency range. For instance, in case of an audio amplifier, which is used 
to amplify speech or music, it is necessary that all the frequencies in the sound spectrum (i.e. 20 Hz to 
20 kHz) should be uniformly amplified otherwise speaker will give a distorted sound output. 


(iii) Decibel gain. Although the gain of an amplifier can be expressed as a number, yet it is of 
great practical importance to assign it a unit. The unit assigned is bel or decibel (db). 


The common logarithm (log to the base 10) of power gain is known as bel power gain i.e. 
Power gain = log Pout bel 


in 


1 bel = 10 db 


AMPLIFIER 


* This can be easily proved. Supporse the input to first stage is V. 
Output of first stage = G,V 
Output of second stage = (G,V) G,=G,G,V 
Output of third stage = (G,G,V)G, =G,G,G,V 
Output of thirdstage 
V 
G, G, G,V 


or G =~ = G|xG,xG, 


Total gain, G 


284 @ Principles of Electronics 


, P 
Power gain = 10 log,, —“ db 
E, 
If the two powers are developed in the same resistance or equal resistances, then, 
2 


Vin 2 
P, = RR = | R 
Vi 2 
P, = a — do RK 
V-./R V 
Voltage gainindb = 10 log,, a = 20 log,, e 


I> R I 
10 log,, “— = 20 log,, 7 
R 


Current gain in db 


2 


Advantages. The following are the advantages of expressing the gain in db: 

(a) The unit dbis a logarithmic unit. Our ear response is also logarithmic t.e. loudness of sound 
heard by ear is not according to the intensity of sound but according to the log of intensity of sound. 
Thus if the intensity of sound given by speaker (i.e. power) is increased 100 times, our ears hear a 
doubling effect (log,, 100 = 2) i.e. as if loudness were doubled instead of made 100 times. Hence, 
this unit tallies with the natural response of our ears. 


(b) When the gains are expressed in db, the overall gain of a multistage amplifier is the sum of 
gains of individual stages in db. Thus referring to Fig. 11.6, 


Gain as number = ies x 
Vv. OV; 

Gain indb = 20log,)¥2 x —3 

Vv. OV;S 


V. V. 
20 log,, — + 20 log,, 4 
10 4 10 V, 


AMPLIFIER AMPLIFIER 


Ist stage gain in db + 2nd stage gain in db 


1 2 


Fig. 11.6 


However, absolute gain is obtained by multiplying the gains of individual stages. Obviously, it is 
easier to add than to multiply. 


(iv) Bandwidth. The range of frequency over which the voltage gain is equal to or greater than 
*70.7% of the maximum gain is known as bandwidth. 


* The human ear is not a very sensitive hearing device. It has been found that if the gain falls to 70.7% of 
maximum gain, the ear cannot detect the change. For instance, if the gain of an amplifier is 100, then even 
if the gain falls to 70.7, the ear cannot detect the change in intensity of sound and hence no distortion will 
be heard. However, if the gain falls below 70.7, the ear will hear clear distortion. 
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The voltage gain of an amplifier changes with frequency. Referring to the frequency response in 
Fig. 11.7, it is clear that for any frequency lying between f, and f,, the gain is equal to or greater than 
70.7% of the maximum gain. Therefore, f, — f, is the bandwidth. It may be seen that f, and f, are the 
limiting frequencies. The former (f,) is called lower cut-off frequency and the latter (f,) is known as 
upper cut-off frequency. For distortionless amplification, it is important that signal frequency range 
must be within the bandwidth of the amplifier. 


fi fr h 
FREQUENCY 


40 decibeis phone 
Fig. 11.7 


The bandwidth of an amplifier can also be defined in terms of db. Suppose the maximum voltage 
gain of an amplifier is 100. Then 70.7% of it is 70.7. 
Fall in voltage gain from maximum gain 
= 20 log,,. 100 — 20 log,, 70.7 


100 
20 10846 707 db 
= 20 log,, 1.4142 db = 3 db 
Hence bandwidth of an amplifier is the range of frequency at the limits of which its voltage gain 
falls by 3 db from the maximum gain. 


The frequency f, or f, 1s also called 3-db frequency or half-power frequency. 

The 3-db designation comes from the fact that voltage gain at these frequencies is 3db below the 
maximum value. The term half-power is used because when voltage is down to 0.707 of its maximum 
value, the power (proportional to Vv’) is down to (0.707)° or one-half of its maximum value. 


Example 11.1. Find the gain in db in the following cases: 


(i) Voltage gain of 30 (ii) Power gain of 100 
Solution. 

(i) Voltage gain = 20 log,, 30 db = 29.54 db 
(ii) Power gain = 10 log,, 100 db = 20 db 
Example 11.2. Express the following gains as a number : 

(i) Power gain of 40 db (ii) Power gain of 43 db 
Solution. 


(i) Power gain = 40 db =4 bel 
If we want to find the gain as a number, we should work from logarithm back to the original 
number. 
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Gain = Antilog 4 = 10° = 10,000 


(il) Power gain = 43db = 4.3 bel 
Power gain = Antilog 4.3 = 2x 10° = 20,000 
Alternatively. 10 log, 2 = 43 db 
l 

P, 
or log;, = = 43/10 = 4.3 

F, 

P 

2 = (10) = 20,000 

F, 


In general, we have, 


(10)84" in db/20 


(10)84" in db/10 


shoe Sh 


Example 11.3. A three-stage amplifier has a first stage voltage gain of 100, second stage 
voltage gain of 200 and third stage voltage gain of 400. Find the total voltage gain in db . 

Solution. 

First-stage voltage gainindb = 20 log,, 100 = 20 x2 = 40 
Second-stage voltage gainindb = 20 log,, 200 = 20x2.3 = 46 
Third-stage voltage gainindb = 20 log,,400 = 202.6 = 52 
Total voltage gain = 40446452 = 138 db 

Exaiaple 11.4. (i) A multistage amplifier employs five stages each of which has a power gain of 
30. What is the total gain of the amplifier in db ? 

(ii) If a negative feedback of 10 db is employed, find the resultant gain. 

Solution. Absolute gain of each stage = 30 

No. of stages = 5 

(i) Power gain of one stage indb = 10 log,, 30 = 14.77 

Total power gain = 5x 14.77 = 73.85 db 

(ii) Resultant power gain with negative feedback 

= 73.85-—10 = 63.85 db 

It is clear from the above example that by expressing the gain in db, calculations have become 
very simple. 

Example 11.5. Jn an amplifier, the output power is 1.5 watts at 2 kHz and 0.3 watt at 20 Hz, 
while the input power is constant at 10 mW. Calculate by how many decibels gain at 20 Hz is below 
that at 2 kHz? 

Solution. 

db power gain at 2 kHz. At 2 kHz, the output power is 1.5 W and input power is 10 mW. 


Power gain in db = 10 log,, ae = 21.76 
m 


db power gain at 20 Hz. At 20Hz, the output power is 0.3 W and input power is 10 mW. 


Power gainindb = 10 log,, 10 mw = 14.77 


Fallin gain from 2kHzto 20 Hz = 21.76-—14.77 = 6.99 db 
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Example 11.6. A certain amplifier has voltage gain of 15 db. If the input signal voltage is 0.8V, 
what is the output voltage ? 


Solution. 

db voltage gain = 20 log,, V,/V, 
or IS = 20 log,, V,/V, 
or 15/20 = log,, V/V, 
or 0.75 = log, V,/0.8 


Taking antilogs, we get, 
Antilog0.75 = Antilog (log, V,/0.8) 
or 10°” = V/0.8 
V, = 10°? x08 =4.5V 


Example 11.7. An amplifier has an open-circuit voltage gain of 70 db and an output resistance 
of 1.5 kQ. Determine the minimum value of load resistance so that voltage gain is not more than 


67db. 
Solution. 
A, = 70db ; A,=67 db 
A, indb—A,indb = 70-67 = 3 db 
or 20 log,,A,—20log,,A, = 3 


or 20 log,, — = 3 
A, 
or ie (10)""? = 1.41 
A, 
A R 
But a Art. 10.2 
u A R +R, [See Art. 10.20] 
oe ee.) 
141  15+R, 
or R, = 3.65 kQ 


Example 11.8. An amplifier feeding a resistive load of 1kQ2 has a voltage gain of 40 db. If the 
input signal is 10 mV, find (1) output voltage (ii) load power. 


Solution. 
Vout db gain/20 40/20 
(i) VO (10)°"* = (10) = 100 
Vin = 100xV,,=100x10mV = 1000mV = 1V 
(ii) Load power = Vou. = 10° W = 1mw 
P ~ R, 1000 ~ : 


Example 11.9. An amplifier rated at 40W output is connected to a 10Q speaker. 
(i) Calculate the input power required for full power output if the power gain is 25 db. 
(tt) Calculate the input voltage for rated output if the amplifier voltage gain is 40 db. 
Solution. 
40W 


P 
(i) Power gain in db= 10 log,, or 25=10log,, —— 
P P 
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40W _ 40W_ _ 40W | 
= antilog 2.5 316x102 316 126.5 mW 
vs _— V, V, 
(11) Voltage gainindb = 20 logo OF aS AOE 6 VA 
1 1 
V2 
vy, = antilog 2 = 100 
Now V, = JP, R =J40W x10 Q =20V 
_ 2 = 20V _ 
“i = G06. 1001 


Example 11.10. Jn an amplifier, the maximum voltage gain is 2000 and occurs at 2 kHz. It falls 
to 1414 at 10 kHz and 50 Hz. Find: 

(i) Bandwidth (ii) Lower cut-off frequency (iti) Upper cut-off frequency. 

Solution. 

(i) Referring to the frequency response in Fig. 
11.8, the maximum gain is 2000. Then 70.7% of 
this gain is 0.707 x 2000 = 1414. It is given that 
gain is 1414 at 50 Hz and 10 kHz. As bandwidth is 
the range of frequency over which gain is equal or 
greater than 70.7% of maximum gain, 1414 

Bandwidth = 50 Hz to 10 kHz 


(it) The frequency (on lower side) at which the 
voltage gain of the amplifier is exactly 70.7% of the 
maximum gain is known as lower cut-off frequency. 
Referring to Fig. 11.8, it is clear that : 


VOLTAGE GAIN 


Lower cut-off frequency = 50 Hz 
(iii) The frequency (on the higher side) at which 0 SOHz =10 kHz 
the voltage gain of the amplifier is exactly 70.7% of FREQUENCY 
the maximum gain is known as_ upper cut-off : 
frequency. Referring to Fig. 11.8, itis clear that: Fig. 11.8 
Upper cut-off frequency = 10kHz 
Comments. As bandwidth of the amplifier is 
50 Hz to 10 kHz, therefore, it will amplify the signal frequencies lying in this range without any 
distortion. However, if the signal frequency is not in this range, then there will be distortion in the 
output. 
Note. The db power rating of communication equipment is normally less than 50 db. 


11.4 Properties of db Gain 


The power gain expressed as a number is called ordinary power gain. Similarly, the voltage gain 
expressed as a number is called ordinary voltage gain. 

1. Properties of db power gain. The following are the useful rules for db power gain : 

(i) Each time the ordinary power gain increases (decreases) by a factor of 10, the db power 
gain increases (decreases) by 10 db. 


For example, suppose the ordinary power gain increases from 100 to 1000 (i.e. by a factor 
of 10). 
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Increase in db power gain = 10 log,, 1000-10 log,, 100 
30—20= 10 db 
This property also applies for the decrease in power gain. 


(it) Each time the ordinary power gain increases (decreases) by a factor of 2, the db power 
gain increases (decreases) by 3 db. 


For example, suppose the power gain increases from 100 to 200 (i.e. by a factor of 2). 
Increase in db power gain = 10 log,, 200-10 log,, 100 
= 23-—20=3 db 
2. Properties of db voltage gain. The following are the useful rules for db voltage gain : 


(i) Each time the ordinary voltage gain increases (decreases) by a factor of 10, the db voltage 
gain increases (decreases) by 20 db. 


For example, suppose the voltage gain increases from 100 to 1000 (i.e. by a factor of 10). 
Increase in db voltage gain = 20 log,,. 1000-20 log,, 100 
= 60-40=20 db 
(it) Each time the ordinary voltage gain increases (decreases) by a factor of 2, the db voltage 
gain increases (decreases) by 6 db. 
For example, suppose the voltage gain increases from 100 to 200 (i.e. by a factor of 2). 
Increase in db voltage gain = 20 log,, 200-20 log,, 100 
= 46-40=6db 


11.5 RC Coupled Transistor Amplifier 


This is the most popular type of coupling because it is cheap and provides excellent audio fidelity 
over a wide range of frequency. Itis usually employed for voltage amplification. Fig. 11.9 shows two 
stages of an RC coupled amplifier. A coupling capacitor Cis used to connect the output of first stage 
to the base (i.e. input) of the second stage and so on. As the coupling from one stage to next is 
achieved by a coupling capacitor followed by a connection to a shunt resistor, therefore, such ampli- 
fiers are called resistance - capacitance coupled amplifiers. 

The resistances R,, R, and R, form the biasing and stabilisation network. The emitter bypass 
capacitor offers low reactance path to the signal. Without it, the voltage gain of each stage would be 
lost. The coupling capacitor C; transmits a.c. signal but blocks d.c. This prevents d.c. interference 
between various stages and the shifting of operating point. 


+ Voc 


OUTPUT 
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Operation. When a.c. signal is applied to the base of the first transistor, it appears in the amplified 
form across its collector load R,. The amplified signal developed across R; is given to base of next 
stage through coupling capacitor C,. The second stage does further amplification of the signal. In 
this way, the cascaded (one after another) stages amplify the signal and the overall gain is consider- 
ably increased. 


It may be mentioned here that total gain is less than the product of the gains of individual stages. 
It is because when a second stage is made to follow the first stage, the effective load resistance of first 
stage is reduced due to the shunting effect of the input resistance of second stage. This reduces the 
gain of the stage which is loaded by the next stage. For instance, in a 3-stage amplifier, the gain of 
first and second stages will be reduced due to loading effect of next stage. However, the gain of the 
third stage which has no loading effect of subsequent stage, remains unchanged. The overall gain 
shall be equal to the product of the gains of three stages. 


Frequency response. Fig.11.10 shows the frequency response of a typical RC coupled ampli- 
fier. Itis clear that voltage gain drops off at low (< 50 Hz) and high (> 20 kHz) frequencies whereas 
itis uniform over mid-frequency range (50 Hz to 20 kHz). This behaviour of the amplifier is briefly 
explained below : 


(i) At low frequencies (< 50 Hz), the reactance of 
coupling capacitor C, is quite high and hence very small 
part of signal will pass from one stage to the next stage. 
Moreover, C,, cannot shunt the emitter resistance R,, ef- 
fectively because of its large reactance at low frequen- 
cies. These two factors cause a falling of voltage gain at 
low frequencies. 


(it) Athigh frequencies (> 20 kHz), the reactance of 
Cc is very small and it behaves as a short circuit. This 


VOLTAGE GAIN 


increases the loading effect of next stage and serves to 0 50 Hz 20 kHz 
reduce the voltage gain. Moreover, at high frequency, FREQUENCY 
capacitive reactance of base-emitter junction is low which 

increases the base current. This reduces the current am- Fig. 11.10 


plification factor B. Due to these two reasons, the volt- 
age gain drops off at high frequency. 


(ii) At mid-frequencies (50 Hz to 20 kHz), the voltage gain of the amplifier is constant. The 
effect of coupling capacitor in this frequency range is such so as to maintain a uniform voltage gain. 
Thus, as the frequency increases in this range, reactance of C,. decreases which tends to increase the 
gain. However, at the same time, lower reactance means higher loading of first stage and hence lower 
gain. These two factors almost cancel each other, resulting in a uniform gain at mid-frequency. 


Advantages 


(i) It has excellent frequency response. The gain is constant over the audio frequency range 
which is the region of most importance for speech, music etc. 


(1) It has lower cost since it employs resistors and capacitors which are cheap. 
(iii) The circuit is very compact as the modern resistors and capacitors are small and extremely 
light. 
Disadvantages 


(i) The RC coupled amplifiers have low voltage and power gain. It is because the low resis- 
tance presented by the input of each stage to the preceding stage decreases the effective load resis- 
tance (R,.) and hence the gain. 


(ii) They have the tendency to become noisy with age, particularly in moist climates. 
(iit) Impedance matching is poor. It is because the output impedance of RC coupled amplifier is 
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several hundred ohms whereas the input im- 
pedance of a speaker is only a few ohms. 
Hence, little power will be transferred to the 
speaker. 

Applications. 

The RC coupled amplifiers have excel- 
lent audio fidelity over a wide range of fre- 
quency. Therefore, they are widely used as 
voltage amplifiers e.g. in the initial stages of 
public address system. If other type of cou- 
pling (e.g. transformer coupling) is employed 
in the initial stages, this results in frequency 
distortion which may be amplified in next 
stages. However, because of poor impedance RC Coupled Amplifiers 
matching, RC coupling is rarely used in the 
final stages. 


Note. When there is an even number of cascaded stages (2, 4, 6 etc), the output signal is not 
inverted from the input. When the number of stages is odd (1, 3, 5 etc.), the output signal is inverted 
from the input. 


Example 11.11 A single stage amplifier has a voltage gain of 60. The collector load R, = 500 
Q2 and the input impedance is 1kQ. Calculate the overall gain when two such stages are cascaded 
through R-C coupling. Comment on the result. 


Solution. The gain of second stage remains 60 because it has no loading effect of any stage. 


However, the gain of first stage is less than 60 due to the loading effect of the input impedance of 
second stage. 


60 


Gain of second stage 
500 x 1000 


Effective load of first stage = R.IR,, = 500+ 1000 > 333 Q 


Gain of first stage = 60 x 333/500 = 39.96 
Total gain = 60 x 39.96 = 2397 
Comments. The gain of individual stage is 60. But when two stages are coupled, the gain is not 
60 x 60 = 3600 as might be expected rather it is less and is equal to 2397 in this case. Itis because the 
first stage has a loading effect of the input impedance of second stage and consequently its gain is 
reduced. However, the second stage has no loading effect of any subsequent stage. Hence, the gain 
of second stage remains 60. 


Example 11.12. Fig. 11.11 shows two-stage RC coupled amplifier. If the input resistance R,,, of 
each stage is 1kQ, find : (i) voltage gain of first stage (ii) voltage gain of second stage (iii) total 
voltage gain. 

Solution. 

R, = 1kQ; B=100; R.=2kQ 


in 


(i) The first stage has a loading of input resistance of second stage. 


'. Effective load of first stage, R,. = ReoIlR,, = - = 
+ 


= 0.66 kQ 


'. Voltage gain of first stage = BxR,./R,, = 100X0.66/1 = 66 


(11) The collector of the second stage sees a load of only R,. (= 2 kQ) as there is no loading effect 
of any subsequent stage. 
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+15V 


B = 100 


OUTPUT 


Fig. 11.11 


*, Voltage gain of second stage 
= BxXR./R,, = 100 x 2/1 = 200 
(iii) Total voltage gain = 66200 = 13200 


Example 11.13. A single stage amplifier has collector load R, = 10 kQ; input resistance R,,, = 
IkQ and B= 100. If load R, = 100Q, find the voltage gain. Comment on the result. 


Solution. Effective collector load, R,. = Re IlR, = 10kQ 11100 Q = *100 Q 
; R 100 
Volt = Bx © = 100x-—~ = 10 
oltage gain = B p 1000 


Comments. As the load (e.g. speaker) is only of 100 ohms, therefore, effective load of the 
amplifier is too much reduced. Consequently, voltage gain is quite small. Under such situations, we 
can use a transformer to improve the voltage gain and signal handling capability. For example, if the 
output to 100 Q load is delivered through a step-down transformer, the effective collector load and 
hence voltage gain can be increased. 


Example 11.14. Fig. 11.12 shows a 2-stage RC coupled amplifier. What is the biasing potential 
for the second stage ? If the coupling capacitor C¢ is replaced by a wire, what would happen to the 
circuit ? 


Solution. Referring to Fig. 11.12, we have, 


Voc 20 
xk, = ——— K2.2 = 36V 
R,+R, *  10+22~ . 


Voltage across R,, Vz = 


Thus biasing potential for the second stage is 3.6 V. 


When the coupling capacitor C, is replaced by a wire, this changes the entire picture. It is 
because now R, of the first stage is in parallel with R, of the second stage as shown in Fig. 11.13(i). 
The total resistance of R- (= 3.6 kQ) and R, (= 10 kQ) is given by: 


10 kQ II 100 Q is essentially 100 Q. 
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R,; Ro — 10X36 _ 9 65 kO 


Ro 2 a 2 
re R,+ Re 10 + 3.6 
Ro= 3.6 kQ 
” 
_ A)? Ke 
| 2.2kQA<¢SR 2.2kQS p 


Fig. 11.12 


The circuit shown in Fig. 11.13 (i) then reduces to the one shown in Fig. 11.13 (ii). Referring to 


Fig. 11.13 (ii), we have, 
+ Vor =20V + Voc =20V 


Re = 3.6 kO 


(7) (zi) 


Yeo yp = 20 499 = 907V 


Voltage across R,, Vz = R,, +R, x Ny 765+ 2.2 


Thus the biasing potential of second stage is drastically changed. The 9.07 V at the base of Q, 
would undoubtedly cause the transistor to saturate and the device would be rendered useless as an 
amplifier. This example explains the importance of dc isolation in a multistage amplifier. The use of 
coupling capacitor allows each amplifier stage to maintain its independent biasing potential while 
allowing the ac output from one stage to pass on to the next stage. 

Example 11.15. Fig. 11.14 shows a 2-stage RC coupled amplifier. Find the voltage gain of (i) 
first stage (ii) second stage and (ili) overall voltage gain. 

Solution. (7) Voltage gain of First stage. The input impedance of the second stage is the load 
for the first stage. In order to find input impedance of second stage, we shall first find (ac emitter 
resistance) for the second stage. 
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22 kQ Rs 6 15kQ Ry 
C 
— a’ O, #4 O, 
i uy Is B = 200 R,=10kQ 
= 3.3kNS R, 25kQS zp 
LkN<S R, T°” 1kQ Rg T° = 
Fig. 11.14 
V, 
cc IDs S214V 


= ———_xR = —— 
Voltage across R, R, + R, 6 15 + 2.5 


Voltage across R, = 2.14-0.7 = 1.44V 
144V — 144V _ i Adak 


Emitter current in R,,/, = ——— = ——— 
R, 1kQ 
r, for second stage = eo eg 17.4 Q 
1 1.44 mA 


/ 


Similarly, it can be shown that 7” for the first stage is 19.8 Q. 
Zin(base) OF Second stage = Bx 1, for second stage = 200 x (17.4 Q) = 3.48kQ 


Input impedance of the second stage, Z;, = Rs Il Rell Zingase) 
= 15kQ 112.5 kQ 113.48 kQ = 1.33 kQ 


® 


*, Effective collector load for first stage is 
Rac = RWZ,, = SkQU1.33kQ = 1.05 kQ 
; R 1.05 kQ 
Volt f first st = ———AC = = 53 
i i alla r, for first stage 19.8 Q 
(1) Voltage gain of second stage. The load R, (= 10 kQ) is the load for the second stage. 


Effective collector load for second stage is 


Rac = RIWR, = 5SkQMU10kQ = 3.33 kQ 
R 
AC _ 3.33 kQ — 191.4 
r, for second stage 17.4 Q 


(iii) Overall voltage gain. Overall voltage gain = First stage gain x Second stage gain 
= 53x 191.4 = 10144 


11.6 Transformer-Coupled Amplifier 

The main reason for low voltage and power gain of RC coupled amplifier is that the effective load 
(R,-) of each stage is “decreased due to the low resistance presented by the input of each stage to the 
preceding stage. If the effective load resistance of each stage could be increased, the voltage and 
power gain could be increased. This can be achieved by transformer coupling. By the use of **im- 


* The input impedance of an amplifier is low while its output impedance is very high. When they are 
coupled to make a multistage amplifier, the high output impedance of one stage comes in parallel with the 
low input impedance of next state. Hence effective load (R,_) is decreased. 

*** The resistance on the secondary side of a transformer reflected on the primary depends upon the turn ratio 


of the transformer. 


Voltage gain of second stage = 
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pedance-changing properties of transformer, the low resistance of a stage (or load) can be reflected as 
a high load resistance to the previous stage. 

Transformer coupling is generally employed when the load is small. It is mostly used for power 
amplification. Fig. 11.15 shows two stages of transformer coupled amplifier. A coupling transformer 
is used to feed the output of one stage to the input of the next stage. The primary P of this transformer 
is made the collector load and its secondary S gives input to the next stage. 


ao Veco 


OUTPUT 
a TRANSFORMER 


e OUTPUT 


COUPLING 
TRANSFORMER 


- 


Fig. 11.15 


Operation. When an a.c. signal is applied to the base of first transistor, it appears in the ampli- 
fied form across primary P of the coupling transformer. The voltage developed across primary is 
transferred to the input of the next stage by the transformer secondary as shown in Fig.11.15. The 
second stage renders amplification in an exactly similar manner. 

Frequency response. The frequency response of a 
transformer coupled amplifier is shown in Fig.11.16. It 
is clear that frequency response is rather poor J.e. gain is 
constant only over a small range of frequency. The out- 
put voltage is equal to the collector current multiplied 
by reactance of primary. At low frequencies, the reac- 
tance of primary begins to fall, resulting in decreased 
gain. At high frequencies, the capacitance between turns 
of windings acts as a bypass condenser to reduce the 
output voltage and hence gain. It follows, therefore, that 0 FREQUENCY 
there will be disproportionate amplification of frequen- 
cies in a complete signal such as music, speech etc. Fig. 11.16 
Hence, transformer-coupled amplifier introduces fre- 
quency distortion. 

It may be added here that in a properly designed transformer, it is possible to achieve a fairly 
constant gain over the audio frequency range. But a transformer that achieves a frequency response 
comparable to RC coupling may cost 10 to 20 times as much as the inexpensive RC coupled amplifier. 

Advantages 

(i) No signal power is lost in the collector or base resistors. 

(iit) Anexcellent impedance matching can be achieved in a transformer coupled amplifier. It is 
easy to make the inductive reactance of primary equal to the output impedance of the transistor and 
inductive reactance of secondary equal to the input impedance of next stage. 

(iit) Due to excellent impedance matching, transformer coupling provides higher gain. As a 


GAIN 
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matter of fact, a single stage of properly designed transformer coupling can provide the gain of two 
stages of RC coupling. 

Disadvantages 

(i) It has a poor frequency response i.e.the gain varies considerably with frequency. 

(ii) The coupling transformers are bulky and fairly expensive at audio frequencies. 

(iii) Frequency distortion is higher i.e. low frequency signals are less amplified as compared to 
the high frequency signals. 

(iv) Transformer coupling tends to introduce “hum in the output. 

Applications. Transformer coupling is mostly employed for impedance matching. In general, 
the last stage of a multistage amplifier is the power stage. Here, a concentrated effort is made to 
transfer maximum power to the output device e.g. a loudspeaker. For maximum power transfer, the 
impedance of power source should be equal to that of load. Usually, the impedance of an output 
device is a few ohms whereas the output impedance of transistor is several hundred times this value. 
In order to match the impedance, a step-down transformer of proper turn ratio is used. The imped- 
ance of secondary of the transformer is made equal to the load impedance and primary impedance 
equal to the output impedance of transistor. Fig. 11.17 illustrates the impedance matching by a step- 
down transformer. The output device (e.g. speaker) connected to the secondary has a small resistance 
R,. The load R; appearing on the primary side will be: 


2 
N 
ok *R) = 3 R, 
S 


For instance, suppose the transformer has turn ratio Np: N,:: 10: 1. If R, = 100 @, then load 
appearing on the primary is: 


2 
(10) «100 @=10kQ 
Np Ng 


R; 


* There are hundreds of turns of primary and secondary. These turns will multiply an induced e.m.f. from 
nearby power wiring. As the transformer is connected in the base circuit, therefore, the induced hum 
voltage will appear in amplified form in the output. 

‘* Suppose primary and secondary of transformer carry currents J, and /, respectively. The secondary load 
R, can be transferred to primary as R; provided the power loss remains the same i.e., 


IR, = TR, 


2 2 
i, N I N 
as pd R, — __ EF. x R, a “Ss. — ee 
Ip Ns Ip Ns 


. / 
re) R, 
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Thus the load on the primary side is comparable to the output impedance of the transistor. This 
results in maximum power transfer from transistor to the primary of transformer. This shows that low 
value of load resistance (e.g. speaker) can be “stepped-up” to a more favourable value at the collector 
of transistor by using appropriate turn ratio. 


Example 11.16. A transformer coupling is used in the final stage of a multistage amplifier. If 
the output impedance of transistor is 1kQ and the speaker has a resistance of 10Q, find the turn ratio 
of the transformer so that maximum power is transferred to the load. 


Solution. 
For maximum power transfer, the impedance of the primary should be equal to the output imped- 
ance of transistor and impedance of secondary should be equal to load impedance i.e. 
Primary impedance = 1 kQ= 1000 Q 
Let the turn ratio of the transformer be n (= Np,/N,). 


n.\2 
Fe x Load impedance 
Ns 


Primary impedance 


2 
( Np _ Primary impedance 

Load impedance 
or n’ = 1000/10 = 100 


V¥100 = 10 


A step-down transformer with turn ratio 10: 1 is required. 


= 
lI 


Example 11.17. Determine the necessary transformer turn ratio for transferring maximum 
power to a 16Q load from a source that has an output impedance of 10 kQ. Also calculate the 
voltage across the external load if the terminal voltage of the source is 1OV rms. 


Solution. 
For maximum power transfer, the impedance of the primary should be equal to the output imped- 
ance of the source. 
Primary impedance, R; = 10 kQ = 10,000 Q 
Load impedance, R, = 16 Q 
Let the turn ratio of the transformer be n (= Np/N,). 


2 
, Np 
Ry = ie R, 


or N. = R, = 16 = 625 
or n” = 625 
or n= 625 = 25 

V. N 
Now SS = —& 

Vp Np 

N, l 
= |—"|xV, = —x10 = 90. 
Vs Fe) 2 75 0.4V 


Example 11.18. The output resistance of the transistor shown in Fig. 11.18 is 3kQ. The primary 
of the transformer has a d.c. resistance of 300 Q and the load connected across secondary is 39. 
Calculate the turn ratio of the transformer for transferring maximum power to the load. 

Solution. 
300 Q 


Load resistance, R, = 3 Q 


D.C. resistance of primary, Rp, 
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Fig. 11.18 


Let n (= N>/N,) be the required turn ratio. When no signal is applied, the transistor ‘sees’ a load 
of Rp (= 300 &) only. However, when a.c. signal is applied, the load R, in the secondary is reflected 
in the primary as n’R ,. Consequently, the transistor now ‘sees’ a load of R>p in series with nR,. 

For transference of maximum power, 

Output resistance of transistor = R,p+ n'R, 
or 3000 = 300+n°x3 
2 3000 — 300 
3 


900 = 30 


Example 11.19. A transistor uses transformer coupling for amplification. The output imped- 
ance of transistor is 10 kQ while the input impedance of next stage is 2.5 kQ2. Determine the induc- 
tance of primary and secondary of the transformer for perfect impedance matching at a frequency of 
200 Hz. 


Soiution. Frequency, f 


= 900 


Or n 


n 


200Hz 
Output impedance of transistor 10kQ = 10°Q 
Input impedance of next stage = 2.5kQ = 2.5 x 10° Q 
Primary inductance. Consider the primary side of the transformer. For perfect impedance match- 
ing, 


Output impedance of transistor = Primary impedance 
4 
or 10 2nfLp 
10" 
27 x 200 


Secondary inductance. Consider the secondary side of transformer. For impedance matching, 


Primary inductance, L, = = 8H 


Input impedance of next stage = Impedance of secondary 
or 25x10° = 2nfL, 


2.5 x 10° 
27 <x 200 


Secondary inductance, L, = 2H 
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Example 11.20. In the above example, find the number of primary and secondary turns. Given 
that core section of the transformer is such that I turn gives an inductance of 10UH. 
Solution. 


We know that inductance of a coil is directly proportional to the square of number of turns of the 
coil i.e. 


L oN’ 
or L=KN 
Now L = 10uH=10°H, N=I1turn 
io 10° = K(1)* 
or K = 10° 
Primary inductance = K N> 
or 8 = 10° Ns 
Primary turns, Np = 8 x 10° = $94 
Similarly, Secondary turns, N, = 42x 10° = 447 


11.7 Direct-Coupled Amplifier 


There are many applications in which extremely low frequency (< 10 Hz) signals are to be amplified 
e.g. amplifying photo-electric current, thermo-couple current etc. The coupling devices such as capaci- 
tors and transformers cannot be used because the electrical sizes of these components become very 
large at extremely low frequencies. Under such situations, one stage is directly connected to the next 
stage without any intervening coupling device. This type of coupling is known as direct coupling. 

Circuit details. Fig. 11.19 shows the circuit of a three-stage direct-coupled amplifier. It uses 
“complementary transistors. Thus, the first stage uses npn transistor, the second stage uses pnp 
transistor and so on. This arrangement makes the design very simple. The output from the collector 
of first transistor T, is fed to the input of the second transistor T, and so on. 


+ Voc 


OUTPUT 
SIGNAL 


This makes the circuit stable w.r.t. temperature changes. In this connection (i.e., npn followed by pnp), 
the direction of collector current increase 8, when the temperature rises, is opposite for the two transis- 
tors. Thus the variation in one transistor tends to cancel that in the other. 
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The weak signal is applied to the input of first transistor 7,. Due to transistor action, an amplified 
output is obtained across the collector load RK, of transistor T,. This voltage drives the base of the 
second transistor and amplified output is obtained across its collector load. In this way, direct coupled 
amplifier raises the strength of weak signal. 

Advantages 

(i) The circuit arrangement is simple because of minimum use of resistors. 

(11) The circuit has low cost because of the absence of expensive coupling devices. 

Disadvantages 

(i) It cannot be used for amplifying high frequencies. 

(ii) The operating point is shifted due to temperature variations. 


Example 11.21. Fig. 11.20 shows a direct coupled two-stage amplifier. Determine (i) d.c. 
voltages for both stages (ii) voltage gain of each stage and overall voltage gain. 


R 
100 kQ 5 
se 10 kQ 
(~~ (~ OV out 
Vin . <> Q, ‘¢ Q, B= 125 
Re 
22kQS R, Rye ioc, an 


Fig. 11.20 
Solution. Note that direct-coupled amplifier has no coupling capacitors between the stages. 


(i) D.C. voltages. We shall now determine the d.c. voltages for both the stages following the 
established procedure. 


First stage 


Vee. 12V 
R, +R, 100kQ+22kQ 


D.C. voltage across R, = 0.098mA x R, =0.098 mA x 22kQ=2.16V 
This is the d.c. voltage at the base of transistor Q). 
D.C. voltage at the emitter, V,, = 2.16—V,,=2.16V—0.7V = 1.46V 


Vii _ 1.46V 
D.C. emitter current, /,, = R. 47k =(0.31mA 
4 . 


D.C. collector current, /., = 0.31mA (++ [¢, =I) 
D.C. voltage at collector, Vo. = Voc-Io, R, 
= 12V-—0.31 mA x 22kQ=5.18V 


D.C. current thro’ R, and R, = =(0.098 mA 


Second stage 
D.C. base voltage = V,, =5.18V 
D.C. emitter voltage, V., = Vo,—Vp_,-=5.18V—0.7V =4.48V 
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Veo _ 4.48V _ wagmA 


R, 10 kQ 
D.C. voltage at collector, Vx. = Vec-l@Rs (Le =I ey) 
12V —0.448 mA x 10kQ.=7.52V 


(ii) Voltage gain To find voltage gain, we shall use the standard formula : total a.c. collector load 
divided by total a.c. emitter resistance. 


D.C. emitter current, [,,, 


First stage 95 mV 95 mV 
, ee 
fa = 7 031mA OO 
Input impedance Z,, of the second stage is given by ; 
Zi, = Bro 
» ._ 2mV_ BmVv _ 
Here r, = Ts = Ade aA = 55.8Q 
Z,, = Br.= 125 x (55.8Q) ~ 7000Q = 7 kQ 


Total a.c. collector load, Ry. = RIIZ,,=22kQI17kQ=5.31 kQ 


R 5.31 kQ 
Voltage gain,A,, = —4c = 


Voy 


80.6Q — 


Second stage. There is no loading effect of any subsequent stage. Therefore, total a.c. collector 
load, R,c=R,; = 10 kQ. 


R; 10 kQ 
Voltage gain,A,, = rn -— = 179 
e2 . 


Overall voltage gain = A,, x A,, = 66 x 179 = 11,814 
11.8 Comparison of Different Types of Coupling 


RC coupling Transformer coupling Direct coupling 


Frequency response Excellent in the audio Poor Best 
frequency range 


For voltage For power amplification | For amplifiying 
amplification extremely low 
frequencies 


11.9 Difference Between Transistor and Tube Amplifiers 
Although both transistors and grid-controlled tubes (e.g. triode, tetrode and pentode) can render the 
job of amplification, they differ in the following respects : 

(i) The electron tube is a voltage driven device while transistor is a current operated device. 


(1) The input and output impedances of the electron tubes are generally quite large. On the 
other hand, input and output impedances of transistors are relatively small. 


(iii) Voltages for transistor amplifiers are much smaller than those of tube amplifiers. 


(ivy) Resistances of the components of a transistor amplifier are generally smaller than the resis- 
tances of the corresponding components of the tube amplifier. 
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(vy) The capacitances of the components of a transistor amplifier are usually larger than the 
corresponding components of the tube amplifier. 


MULTIPLE-CHOICE QUESTIONS 


1. A radio receiver has ......... of amplification. 
(i) one stage (ii) two stages 
(iii) three stages 
(iv) more than three stages 
2. RC coupling is used for.......... amplification. 
(i) voltage (1i) current 
(iii) power (iv) none of the above 
3. In an RC coupled amplifier, the voltage gain 
over mid-frequency range ....... 
(i) changes abruptly with frequency 
(ii) 18 constant 
(iii) changes uniformly with frequency 
(iv) none of the above 


4. In obtaining the frequency response curve 
of an amplifier, the ........ 


(i) amplifier level output is kept constant 
(ii) amplifier frequency is held constant 
(iii) generator frequency is held constant 
(iv) generator output level is held constant 
5. An advantage of RC coupling scheme is the 


(i) good impedance matching 
(ii) economy 
(iii) highefficiency (iv)none of the above 


6. The best frequency response is Of......... cou- 
pling. 
(i) RC (ii) transformer 


(iii) direct (iv) none of the above 
7. Transformer coupling is used for ........ am- 
plification. 
(i) power (ii) voltage 


(iii) current (iv) none of the above 


8. Inan RC coupling scheme, the coupling ca- 
pacitor C, must be large enough. ....... 
(i) to pass d.c. between the stages 
(ii) not to attenuate the low frequencies 
(iii) to dissipate high power 
(iv) none of the above 
9. In RC coupling, the value of coupling 


capacitor is about......... 
(i) 100pF (ii) 0.1 UF 
(iti) 0.01 UF (iv) 1OUF 
10. The noise factor of an ideal amplifier 
expressed in db is ......... 


(i) O (ii) 1 
(iii) 0.1 (iv) 10 
11. When a multistage amplifier is to amplify 
d.c. signal, then one must use ........ coupling. 
(i) RC (ii) transformer 
(iii) direct (iv) none of the above 
Ae es coupling provides the maximum volt- 
age gain. 
(i) RC (ii) transformer 


(iii) direct 

13. In practice, voltage gain is expressed ......... 
(i) indb 

(iii) aS anumber 


(iv) impedance 


(ii) in volts 
(iv) none of the above 


14. Transformer coupling provides high effi- 
ciency because ........ 


(i) collector voltage is stepped up 
(ii) d.c. resistance is low 
(iii) collector voltage is stepped down 
(iv) none of the above 


15. Transformer coupling is generally employed 


when load resistance is ........ 
(i) large (ii) very large 
(iii) small (iv) none of the above 
16. Ifa three-stage amplifier has individual stage 

gains of 10 db, 5 db and 12 db, then total 


gain in dbis ........ 
(i) 600 db (ii) 24 db 
(iii) 14 db (iv) 27 db 
17. The final stage of a multistage amplifier uses 


(i) RC coupling 

(ii) transformer coupling 
(iii) direct coupling 

(iv) impedance coupling 
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18. The ear is not sensitive to........ 
(i) frequency distortion 
(ii) amplitude distortion 
(iii) frequency as well as amplitude distor- 
tion 
(iv) none of the above 
19. RC coupling is not used to amplify extremely 
low frequencies because ........ 
(i) there is considerable power loss 
(ii) there is hum in the output 
(iii) electrical size of coupling capacitor be- 
comes very large 
(iv) none of the above 
20. In transistor amplifiers, we use ........ trans- 
former for impedance matching. 
(i) step up 
(iii) same turn ratio (iv) none of the above 


(ii) step down 


21. The lower and upper cut off frequencies are 
also called ........ frequencies. 


(i) sideband 
(iii) half-resonant 


(ii) resonant 


(iv) half-power 
22. A gain of 1,000,000 times in power is ex- 
pressed by ........ 
(i) 30 db (ii) 60 db 
(iii) 120 db (iv) 600 db 
23. A gain of 1000 times in voltage is expressed 
DY site 


(i) 60 db (ii) 30 db 
(iii) 120 db (iv) 600 db 
24. 1 db corresponds to ........... change in power 
level. 
(i) 50% (ii) 35% 
(iii) 26% (iv) 22% 
25. 1 db corresponds to ......... change in voltage 
or current level. 
(i) 40% (ii) 80% 
(iii) 20% (iv) 25% 


26. The frequency response of transformer cou- 


pling is......... 
(i) good (ii) very good 
(iii) excellent (iv) poor 


27. Inthe initial stages of a multistage amplifier, 


(i) RC coupling 

(ii) transformer coupling 
(iii) direct coupling 
(iv) none of the above 


28. The total gain of a multistage amplifier is 
less than the product of the gains of indi- 
vidual stages due to ....... 


(i) power loss in the coupling device 
(ii) loading effect of next stage 
(iii) the use of many transistors 
(iv) the use of many capacitors 


29. The gain of an amplifier is expressed in db 
because ........ 


(i) itis asimple unit 
(ii) calculations become easy 
(iii) human ear response is logarithmic 
(iv) none of the above 
30. If the power level of an amplifier reduces 
to half, the db gain will fall by ....... 
(i) 0.5 db (ii) 2 db 
(iti) 10 db (iv) 3 db 
31. A current amplification of 2000 is a gain of 
(i) 3 db (ii) 66 db 
(iii) 20 db (iv) 200 db 
32. An amplifier receives 0.1 W of input signal 
and delivers 15 W of signal power. What is 
the power gain in db ? 
(i) 21.8 db (ii) 14.6 db 
(iti) 9.5 db (iv) 17.4 db 
33. The power output of an audio system is 
18 W. For a person to notice an increase in 
the output (loudness or sound intensity) of 
the system, what must the output power be 
increased to ? 
(i) 14.2 W 
(iii) 22.68 W 
34. The output of a microphone is rated at — 52 
db. The reference level is 1 V under speci- 
fied sound conditions. What is the output 
voltage of this microphone under the same 
sound conditions ? 
(ij) 15mV 
(iii) 3.8mV 


(ii) 11.6 W 
(iv) none of the above 


(ii) 6.2mV 
(iv) 2.5 mV 
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35. RC coupling is generally confined to low (i) block a.c. 
power applications because of........ (ii) separate bias of one stage from another 
(i) large value of coupling capacitor (iii) increase thermal stability 
(ii) low efficiency (iv) none of the above 
(iii) large number of components 38. The upper or lower cut off frequency is also 
(iv) none of the above called ........ frequency. 
36. The number of stages that can be directly (i) resonant (ii) sideband 
coupled is limited because ........ (tii) 3 db (iv) none of the above 


(i) changes in temperature cause thermal | 39. The bandwidth of a single stage amplifier is 


instability, that of a multistage amplifier. 
(ii) circuit becomes heavy and costly (i) more than (ii) the same as 
(iii) it becomes difficult to bias the circuit (iii) less than (iv) data insufficient 
(iv) none of the above 40. The value of emitter capacitor C,in a multi- 
37. The purpose of RC or transformer coupling stage amplifier is about ............ 
IS tO ........ (i) O.1 WF (ii) 100 pF 


(iii) 0.01 uF (iv) 50 pF 


Answers to Multiple-Choice Questions 


(il) 4. (iv) 
(il) 9. (iy) 
(i) a» GO) 


(111) 
. (iii) 
« Witt) 

(iv) 

(i) 


Chapter Review Topics 


1. What do you understand by multistage transistor amplifier ? Mention its need. 

2. Explain the following terms : (i) Frequency response (ii) Decibel gain (iii) Bandwidth. 

3. Explain transistor RC coupled amplifier with special reference to frequency response, advantages, 
disadvantages and applications. 


4. With a neat circuit diagram, explain the working of transformer-coupled transistor amplifier. 
5. How will you achieve impedance matching with transformer coupling ? 


6. Explain direct coupled transistor amplifier. 


Problems 
1. The absolute voltage gain of an amplifier is 73. Find its decibel gain. [37db] 
2. The input power to an amplifier is 15mW while output power is 2W. Find the decibel gain of the 
amplifier. [21.25db] 
3. What is the db gain for an increase of power level from 12W to 24W ? [3 db] 
4. What is the db gain for an increase of voltage from 4mV to 8mV ? [6 db] 


5. A two-stage amplifier has first-stage voltage gain of 20 and second stage voltage gain of 400. Find the 
total decibel gain. [78 db] 


12. 


Multistage Transistor Amplifiers @ 305 


A multistage amplifier consists of three stages ; the voltage gain of stages are 60, 100 and 160. Calculate 


the overall gain in db. [119.64db] 
A multistage amplifier consists of three stages ; the voltage gains of the stages are 30, 50 and 60. 
Calculate the overall gain in db. [99.1db] 
In an RC coupled amplifier, the mid-frequency gain is 2000. What will be its value at upper and lower 
cut-off frequencies? [1414] 


A three-stage amplifier employs RC coupling. The voltage gain of each stage is 50 and R.=5 kQ for 
each stage. If input impedance of each stage is 2 kQ, find the overall decibel voltage gain. [80 db] 
We are to match a 16Q speaker load to an amplifier so that the effective load resistance is 10 kQ. What 
should be the transformer turn ratio ? [25] 


. Determine the necessary transformer turn ratio for transferring maximum power to a 50 ohm load 


from a source that has an output impedance of 5 kQ. Also find the voltage across the external load if 


the terminal voltage of the source is 10V r.m.s. [10, 1V] 
We are to match an 8Q speaker load to an amplifier so that the effective load resistance is 8 kQ2. What 
should be the transformer turn ratio ? [10] 


Discussion Questions 


. Why does RC coupling give constant gain over mid-frequency range ? 

. Why does transformer coupling give poor frequency response ? 

. How will you get frequency response comparable to RC coupling in a transformer coupling ? 

. Why is transformer coupling used in the final stage of a multistage amplifier ? 

. Why do you avoid RC or transformer coupling for amplifying extremely low frequency signals ? 


. Why do you prefer to express the gain in db ? 
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INTRODUCTION 


practical amplifier always consists of a num- 
A« of stages that amplify a weak signal until 

sufficient power is available to operate a loud- 
speaker or other output device. The first few stages in 
this multistage amplifier have the function of only volt- 
age amplification. However, the last stage is designed 
to provide maximum power. This final stage is known 
as power stage. 


The term audio means the range of frequencies 
which our ears can hear. The range of human hearing 
extends from 20 Hz to 20 kHz. Therefore, audio am- 
plifiers amplify electrical signals that have a frequency 
range corresponding to the range of human hearing i.e. 
20 Hz to 20 kHz. Fig. 12.1 shows the block diagram of 
an audio amplifier. The early stages build up the volt- 
age level of the signal while the last stage builds up 
power to a level sufficient to operate the loudspeaker. 
In this chapter, we shall talk about the final stage in a 
multistage amplifier—the power amplifier. 
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MICROPHONE 


VOLTAGE VOLTAGE POWER 
AMPLIFIER AMPLIFIER AMPLIFIER 


a 


Fig. 12.1 


12.1 Transistor Audio Power Amplifier 


A transistor amplifier which raises the power level of the 
signals that have audio frequency range is known as tran- 
sistor audio power amplifier. 


In general, the last stage of a multistage amplifier is the 
power stage. The power amplifier differs from all the 
previous stages in that here a concentrated effort is made to 
obtain maximum output power. A transistor that is suitable 
for power amplification is generally called a power 
transistor. It differs from other transistors mostly in size ; it 
is considerably larger to provide for handling the great 
amount of power. Audio power amplifiers are used to deliver 
a large amount of power to a low resistance load. Typical 
load values range from 300Q (for transmission antennas) to 
8Q (for loudspeakers). Although these load values do not | 
cover every possibility, they do illustrate the fact thataudio ~ : : = 
power amplifiers usually drive low-resistance loads. The Tans Stor HUI Fewer ninpmlers 
typical power output rating of a power amplifier is 1W or 
more. 


12.2 Small-Signal and Large-Signal Amplifiers 


The input signal to a multistage amplifier is generally small (afew mV from a cassette or CD ora few UV 
from an antenna). Therefore, the first few stages of a multistage amplifier handle small signals and 
have the function of only voltage amplification. However, the last stage handles a large signal and its 
job is to produce a large amount of power in order to operate the output device (e.g. speaker). 


(i) Small-signal amplifiers. Those amplifiers which handle small input a.c. signals (a few UV 
or a few mV) are called small-signal amplifiers. Voltage amplifiers generally fall in this class. The 
small-signal amplifiers are designed to operate over the linear portion of the output characteristics. 
Therefore, the transistor parameters such as current gain, input impedance, output impedance etc. do 
not change as the amplitude of the signal changes. Such amplifiers amplify the signal with little or no 
distortion. 


(ii) Large-signal amplifiers. Those amplifiers which handle large input a.c. signals (a few 
volts) are called large-signal amplifiers. Power amplifiers fall in this class. The large-signal amplifi- 
ers are designed to provide a large amount of a.c. power output so that they can operate the output 
device e.g. a speaker. The main features of a large-signal amplifier or power amplifier are the circuit’s 
power efficiency, the maximum amount of power that the circuit is capable of handling and the im- 
pedance matching to the output device. It may be noted that all large-signal amplifiers are not neces- 
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sarily power amplifiers but itis safe to say that most are. In general, where amount of power involved 
is 1W or more, the amplifier is termed as power amplifier. 


12.38 Output Power of Amplifier 


An amplifier converts d.c. power drawn from d.c. supply V,, into a.c. output power. The output 
power is always less than the input power because losses occur in the various resistors present in the 
circuit. For example, consider the R-C coupled amplifier circuit shown in Fig. 12.2. The currents are 
flowing through various resistors causing IR loss. Thus power loss in R, is FR, power loss in Ris 
I - R,, power loss in R, is [ : R,, and so on. All these losses appear as heat. Therefore, losses occuring 
in an amplifier not only decrease the efficiency but they also increase the temperature of the circuit. 


+Vic 


v2 
When load R, is connected to the amplifier, A.C. output power, P,= a 
L 
where V, = r.m.s. value of load voltage 

Example 12.1. [fin Fig. 12.2; R, = 1OkQ; R, = 2.2 kQ; Ro =3.6kQ; R,= 1.1. kQ and Vee 

= + 10 V, find the d.c. power drawn from the supply by the amplifier. 
Solution. The current /, flowing through R, also flows through R, (a reasonable assumption 

because J, is small). 

Voc 10V _ 10V 


= R+R, 10kKQ+22kQ 12.2kQ = 
D.C. voltage across R,, V, = I, R,=0.82 mA x 2.2 kQ = 1.8V 
D.C. voltage across R,, Vz = V,— Vp, = 1.8V—0.7V = 1.1V 
D.C. emitter current, /, = V,.J/R,= 1.1V/1.1kQ=1mA 
a I, = 1,=1mA 
Total d.c current /,, drawn from the supply is 
I, = I[¢+f,=1mA+0.82 mA=1.82 mA 


D.C. power drawn from the supply is 
Pie = Veclp= 10V x 1.82 mA = 18.2 mW 


0.82 mA 


l 
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Example 12.2. Determine the a.c. load power for the circuit shown in Fig. 12.3. 


+Vic 


10.6 V ac 


Fig. 12.3 
Solution. The reading of a.c. voltmeter is 10.6V. Since a.c. voltmeters read r.m.s. voltage, we 
have, 
Vi _ (10.6)° 


A.C. output power, Py = R, - 300 Q = 561.8 mW 


Example 12.3. In an RC coupled power amplifier, the a.c. voltage across load R, (= 100 Q ) has 
a peak- to-peak value of 18V. Find the maximum possible a.c. load power. 


Solution. The peak-to-peak voltage, V,,>= 18V. Therefore, peak voltage (or maximum voltage) = 
Vpp/2 and the r.m.s value, V,; = Vpp/2 2. 


Vi _ Vppl2V2)° _ Vpp 


LOG, = R, R, 8 R, 
Here Vpp = 18VandR, = 100 
(18V)° 


— a, =3 — 
Poa) = 7x00) @ = 405% 10° W=405 mW 


12.4 Difference Between Voltage and Power Amplifiers 


The distinction between voltage and power amplifiers 1s somewhat artificial since useful power (i.e. 
product of voltage and current) is always developed in the load resistance through which current 
flows. The difference between the two types is really one of degree; it is a question of how much 
voltage and how much power. A voltage amplifier is designed to achieve maximum voltage amplifi- 
cation. It is, however, not important to raise the power level. On the other hand, a power amplifier is 
designed to obtain maximum output power. 

1. Voltage amplifier. The voltage gain of an amplifier is given by : 
Ee 
R. 


in 


A,= Bx 


In order to achieve high voltage amplification, the following features are incorporated in such 
amplifiers : 
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(i) The transistor with high B ( >100) is used in the circuit. In other words, those transistors are 
employed which have thin base. 

(11) The input resistance R,, of the transistor is sought to be quite low as compared to the 
collector load R,. 

(it) Arelatively high load R,.is used in the collector. To permit this condition, voltage amplifiers 
are always operated at low collector currents (~ 1 mA). If the collector current is small, we can use 
large Rin the collector circuit. 

2. Power amplifier. A power amplifier is required to deliver a large amount of power and as such 
it has to handle large current. In order to achieve high power amplification, the following features are 
incorporated in such amplifiers : 

(i) The size of power transistor is made considerably larger in order to dissipate the heat pro- 
duced in the transistor during operation. 

(it) The base is made thicker to handle large currents. In other words, transistors with compara- 
tively smaller B are used. 

(iii) Transformer coupling is used for impedance matching. 


The comparison between voltage and power amplifiers is given below in the tabular form : 


Voltage amplifier Power amplifier 


High (> 100) low (5 to 20) 
he High (4 — 10 kQ) low (5 to 20 Q) 
Coupling usually R — C coupling Invariably transformer coupling 


Input voltage low (afew mV) High (2-4 V) 
Collector current low (~ 1 mA) High ( > 100 mA) 
Power output low high 

Output impedance High (& LZ kG) low (200 Q) 


Exampie i2.4. A power amplifier operated from 12V battery gives an output of 2W. Find the 
maximum collector current in the circuit. 


Solution. 
Let I, be the maximum collector current. 


Power = battery voltage x collector current 
or 2 = 12xk 
I, = & =A = 166.7mA 
. 12 «66 


This example shows that a power amplifier handles large power as well as large current. 


Example 12.5. A voltage amplifier operated from a 12 V battery has a collector load of 4 kQ2. 
Find the maximum collector current in the circuit. 

Solution. 

The maximum collector current will flow when the whole battery voltage is dropped across R,. 


Max. collector current = battery voltage = cca = 3mA 
collector load 4kQ 


This example shows that a voltage amplifier handles small current. 


Example 12.6. A power amplifier supplies 50 W to an 8-ohm speaker. Find (i) a.c. output 
voltage (ii) a.c. output current. 
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Solution. 
(i) P = VIR 
a.c. output voltage, V = JPR = (50 x8 = 20V 
(il) a.c. output current, J VIR = 20/8 = 2.5A 
12.5 Performance Quantities of Power Amplifiers 


As mentioned previously, the prime objective for a power amplifier is to obtain maximum output 
power. Since a transistor, like any other electronic device has voltage, current and power dissipation 
limits, therefore, the criteria for a power amplifier are : collector efficiency, distortion and power 
dissipation capability. 


(i) Collector efficiency. The main criterion for a power amplifier is not the power gain rather 
it is the maximum a.c. power output. Now, an amplifier converts d.c. power from supply 
into a.c. power output. Therefore, the ability of a power amplifier to convert d.c. power 
from supply into a.c. output power is a measure of its effectiveness. This is known as 
collector efficiency and may be defined as under : 


The ratio of a.c. output power to the zero signal power (i.e. d.c. power) supplied by the battery 
of a power amplifier is known as collector efficiency. 


Collector efficiency means as to how well an amplifier converts d.c. power from the battery into 
a.c. output power. For instance, if the d.c. power supplied by the battery is 10W and a.c. output power 
is 2W, then collector efficiency is 20%. The greater the collector efficiency, the larger is the a.c. 
power output. It is obvious that for power amplifiers, maximum collector efficiency is the desired 
goal. 


(ii) Distortion. The change of output wave 
shape from the input wave shape of an 
amplifier is known as distortion. 


A transistor like other electronic devices, is 
essentially a non-linear device. Therefore, when- 
ever a signal is applied to the input of the transis- 
tor, the output signal is not exactly like the input 
signal i.e. distortion occurs. Distortion is not a 
problem for small signals (1.e. voltage amplifiers) 
since transistor is a linear device for small varia- 
tions about the operating point. However, a power 
amplifier handles large signals and, therefore, the 
problem of distortion immediately arises. For the 
comparison of two power amplifiers, the one which 
has the less distortion is the better. We shall dis- 
cuss the method of reducing distortion in amplifi- 
ers in the chapter of negative feedback in amplifi- 
ers. 


Power Dissipation Channels in a 
Microfabricated Atomic Clock 


(ii) Power dissipation capability. The abil- 

ity of a power transistor to dissipate heat 
is known as power dissipation capability. 
As stated before, a power transistor handles large currents and heats up during operation. As any 
temperature change influences the operation of transistor, therefore, the transistor must dissipate this 
heat to its surroundings. To achieve this, generally a heat sink (a metal case) is attached to a power 
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transistor case. The increased surface area allows heat to escape easily and keeps the case tempera- 
ture of the transistor within permissible limits. 


12.6 Classification of Power Amplifiers 


Transistor power amplifiers handle large signals. Many of them are driven so hard by the input large 
signal that collector current is either cut-off or is in the saturation region during a large portion of the 
input cycle. Therefore, such amplifiers are generally classified according to their mode of operation 
i.e. the portion of the input cycle during which the collector current is expected to flow. On this basis, 
they are classified as : 


(i) class A power amplifier (11) class B power amplifier (11) class C power amplifier 
(i) Class A power amplifier. [f the collector current flows at all times during the full cycle of 
the signal, the power amplifier is known as class A power amplifier. 


+ Vo C 


A.C. LOAD LINE 


O I 
Cr i! | “CE 
—— 
I I 
I 
I I 


(i) (ii) 


Fig. 12.4 


Obviously, for this to happen, the power amplifier must be biased in such a way that no part of the 
signal is cut off. Fig. 12.4 (i) shows circuit of class A power amplifier. Note that collector has a 
transformer as the load which is most common for all classes of power amplifiers. The use of trans- 
former permits impedance matching, resulting in the transference of maximum power to the load e.g. 
loudspeaker. 


Fig. 12.4 (ii) shows the class A operation in terms of a.c. load line. The operating point Q is so 
selected that collector current flows at all times throughout the full cycle of the applied signal. As the 
Output wave shape is exactly similar to the input wave shape, therefore, such amplifiers have least 
distortion. However, they have the disadvantage of low power output and low collector efficiency 
(about 35%). 


(it) Class B power amplifier. [f the collector current flows only during the positive half-cycle 
of the input signal, it is called a class B power amplifier. 


In class B operation, the transistor bias is so adjusted that zero signal collector current is zero i.e. 
no biasing circuit is needed at all. During the positive half-cycle of the signal, the input circuit is 
forward biased and hence collector current flows. However, during the negative half-cycle of the 
signal, the input circuit is reverse biased and no collector current flows. Fig. 12.5 shows the class B 
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Operation in terms of a.c. load line. Obviously, the operating point Q shall be located at collector cut 
off voltage. It is easy to see that output from aclass B amplifier is amplified half-wave rectification. 


In aclass B amplifier, the negative half-cycle of the signal is cut off and hence a severe distortion 
occurs. However, class B amplifiers provide higher power output and collector efficiency (50 — 
60%). Such amplifiers are mostly used for power amplification in push-pull arrangement. In such an 
arrangement, 2 transistors are used in class B operation. One transistor amplifies the positive half- 
cycle of the signal while the other amplifies the negative half-cycle. 


lc 


A.C. LOAD LINE 


QO POINT 


VCE 


Fig. 12.5 


(i) Class C power amplifier. [f the collector current flows for less than half-cycle of the input 
signal, it is called class C power amplifier. 

In class C amplifier, the base is given some negative bias so that collector current does not flow 
just when the positive half-cycle of the signal starts. Such amplifiers are never used for power ampli- 
fication. However, they are used as tuned amplifiers i.e. to amplify a narrow band of frequencies near 
the resonant frequency. 


12.7 Expression for Collector Efficiency 


For comparing power amplifiers, collector efficiency is the main criterion. The greater the collector 
efficiency, the better is the power amplifier. 


Now, Collector efficiency, n = 2° Power output 
d.c. power input 
2 
F dc 
where +P, = Viol 
Ff, = Ves l. 


where V_is the xm.s. value of signal output voltage and / is the rm.s. value of output signal 
ce : c ‘ . 
current. In terms of peak-to-peak values (which are often convenient values in load-line work), the a.c. 
power output can be expressed as : 


Note that d.c. input power to the collector circuit of power amplifier is the product of collector supply V.. 
(and not the collector-emitter voltage) and the average (i.e. d.c.) collector current J... 
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2k P = [(0.5 x 0.707) Vs & i [(0.5 x 0.707) a w-pyl 
= Yeetp~p) *'e(p-p) 
8 
v XI 
Collector n = 7 
cc “C 


12.8. Maximum Collector Efficiency of Series-Fed Class A 
Amplifier 


Fig. 12.6 (i) shows a **series — fed class A amplifier. This circuit is seldom used for power amplifi- 
cation due to its poor collector efficiency. Nevertheless, it will help the reader to understand the class 
A operation. The d.c. load line of the circuit is shown in Fig. 12.6 (ii). When an ac signal is applied 
to the amplifier, the output current and voltage will vary about the operating point Q. In order to 
achieve the maximum symmetrical swing of current and voltage (to achieve maximum output power), 
the Q point should be located at the centre of the dc load line. In that case, operating point is [.= 
Voed2Re and Voer=Ved2. 


+ Voce 


POWER 
TRANSISTOR 


(7) 
Fig. 12.6 
Maximum v., 4» = Vec 
Maximum i, (p-p) = VedRce 


Vidipawi ee Voce XVec/R V, 
Max. ac output power, P,, gaay = ——— = —— = ws 
C 


2 
C Cc 


P 2 
o(max) x 100 Voc /8Re 


Maximum collector n = UO = 29% 


peak-to-peak — 


J2 


0.5 x 0.707 x peak-to-peak value 


*f r.m.s. value = 


Nl 


*“* Note that the input to this circuit is a large signal and that transistor used is a power transistor. 
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Thus the maximum collector efficiency of aclass A series-fed amplifier is 25%. In actual practice, 
the collector efficiency is far less than this value. 


Example 12.7. Calculate the (i) output power (ii) input power and (iii) collector efficiency of the 
amplifier circuit shown in Fig. 12.7 (i). It is given that input voltage results in a base current of 
10 mA peak. 


+ Voc=20V Ic (mA) 


1000 mA 


V cy (VOLTS) 


0 10.4 V 20 V 


(i) (ii) 
Fig. 12.7 


Solution. First draw the d.c. load line by locating the two end points viz., 16 (sq) = VedRc = 
20 V/20 2 = 1 A= 1000 mA and V., = Voc = 20 V as shown in Fig. 12.7 (ii). The operating point Q 
of the circuit can be located as under : 


Veo —Vpe _ 20-0.7 


ly = = 19.3mA 
Rz 1kQ 
ae I. = Bl, = 25(19.3mA) = 482 mA 
Also Vor = Veco Ile Re = 20 V— (482 mA) (20 Q) = 10.4V 


The operating point Q (10.4 V, 482 mA) is shown on the d.c. load line. 
(i) i-(peak) = Bi, (peak) = 25x(10mA) = 250 mA 


a —3,\2 
, ae) = ie(peak) p — 250x10 Ye 59 = 0.625 W 
p a 
(ii) Py = Voce = (20 V) (482x107) = 9.6 W 
P 
(iii) Collector n = 242x100 = 9:925x100 = 6.5 % 
P,, 9.6 


12.9. Maximum Collector Efficiency of Transformer Coupled 
Class A Power Amplifier 


In class A power amplifier, the load can be either connected directly in the collector or it can be 
transformer coupled. The latter method is often preferred for two main reasons. First, transformer 
coupling permits impedance matching and secondly it keeps the d.c. power loss small because of the 
small resistance of the transformer primary winding. 


Fig. 12.8 (¢) shows the transformer coupled class A power amplifier. In order to determine 
maximum collector efficiency, refer to the output characteristics shown in Fig. 12.8 (ii). Under zero 
signal conditions, the effective resistance in the collector circuit is that of the primary winding of the 
transformer. The primary resistance has a very small value and is assumed zero. Therefore, d.c. load 
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line is a vertical line rising from Vas shown in Fig. 12.8 (vi). When signal is applied, the collector 
current will vary about the operating point Q. 

In order to get maximum a.c. power output (and hence maximum collector n), the peak value of 
collector current due to signal alone should be equal to the zero signal collector current J... In terms 
of a.c. load line, the operating point Q should be located at the centre of a.c. load line. 


+Voo nel 


\¢— D.C. LOAD LINE 


O (CENTRE) 
A.C. LOAD LINE 


(i) (ii) 
Fig. 12.8 


During the peak of the positive half-cycle of the signal, the total collector current is 2 J. and v. 
= (. During the negative peak of the signal, the collector current is zero and *v..= 2V«¢. 


e 


Peak-to-peak collector-emitter voltage is 


Yee (p-p) — 2Vec 
Peak-to-peak collector current, i. (p-p)= 216 
= Yce(p — p) = 2Vec 
Ry Ry 


where Rj, is the reflected value of load R, and appears in the primary of the transformer. 
lIfn(= NJNs) is the turn ratio of the transformer, then, R_, = n’R L’ 


d.c. power input, P,, = Vocle 


= I-R, (1 Voie =I R) 


Voe(p-p) Xe p- 
Max.a.c. output power, P _ce(p—p) ~ c(p—p) 


o (max) = Q 
— Woe X21 ¢ 
8 
- ly (i) 
~ 9 CCC 
= 1 2 , 4 
= 9 CR, ( Voc=leR, 


This occurs at the negative peak of the signal. Under such conditions, the voltage across transformer 
primary is V, but in such a direction so as to reinforce the supply. 


Vee= Vcc 
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PB, (max) 
Max. collector nj ——— x 100 


dc 
1/2) 12 R* 
= te RL 5 100 = 50% 
Cc *L 


12.10 Important Points About Class A Power Amplifier 


(i) A *transformer coupled class A power amplifier has a maximum collector efficiency of 50% 
i.e., maximum of 50% d.c. supply power is converted into a.c. power output. In practice, the 
efficiency of such an amplifier is less than 50% (about 35%) due to power losses in the 
output transformer, power dissipation in the transistor etc. 

(it) The power dissipated by a transistor is given by : 
P iis = Pas ke 
where Ry, 


ac 
available d.c. power 


P.. = available a.c. power 


Clearly, in class A operation, the transistor must dissipate less heat when signal is applied and 
therefore runs cooler. 


(ii) When no signal is applied to a class A power amplifier, P,.=0. 
Pais = Pac 
Thus in class A operation, maximum power dissipation in the transistor occurs under zero signal 
conditions. Therefore, the power dissipation capability of a power transistor (for class A operation) 
must be atleast equal to the zero signal rating. For example, if the zero signal power dissipation of a 


transistor is 1 W, then transistor needs a rating of atleast 1 W. If the power rating of the transistor is 
less than 1 W, it is likely to be damaged. 
(iv) When aclass A power amplifier is used in the final stage, it is called single ended class A 
power amplifier. 
Example 12.8. A power transistor working in class A operation has zero signal power dissipa- 
tion of 10 watts. If the a.c. output power is 4 watts, find : 
(i) collector efficiency (ii) power rating of transistor 
Solution. 
Zero signal power dissipation, P, = 10W 
a.c. power output, P, = 4W 
P 
(i) Collector efficiency = —*x100 = + x100 = 40% 
P,. 10 


(it) The zero signal power represents the worst case i.e. maximum power dissipation in a tran- 
sistor occurs under zero signal conditions. 


Power rating of transistor = 10 W 
It means to avoid damage, the transistor must have a power rating of atleast 10 W. 
Example 12.9. A class A power amplifier has a transformer as the load. If the transformer has 
a turn ratio of 10 and the secondary load is 100 Q, find the maximum a.c. power output. Given that 
zero signal collector current is 100 mA. 
Solution. 
Secondary load, R, = 100 


However, resistance coupled class A power amplifier has a maximum collector efficiency of 25%. 


318 m@ Principles of Electronics 


Transformer turn ratio, n = 10 
Zero signal collector current, /. = 100mA 
Load as seen by the primary of the transformer is 
Ri, =n'R, = (10)’x 100 = 10,000 


2 
L. yo of 1 { 100 
2 a.c. = -—1.R, = =|— | X10, 
Max. a.c. power output pO FE 5 (0) x 10, 000 
= 50 W 


Example 12.10. A class A transformer coupled power amplifier has zero signal collector cur- 
rent of 50 mA. If the collector supply voltage is 5 V, find (i) the maximum a.c. power output (ti) the 
power rating of transistor (til) the maximum collector efficiency. 


Solution. 
Vee le 
(1) Max. a.c. power output, Py inay = 7 ..see Art. 12.9 
_ 6 oxen mA) _ 25 mW 
(il) D.C input power, Py. =Vecle 


= (5 V) x (50 mA) = 250 mW 
Since the maximum power is dissipated in the zero signal conditions, 
Power rating of transistor = 250 mW 


The reader may note that in class A operation : 


P = Pais 
o(max) ~~ ) 
Or Pus =2 Fr, (max) 


It means that power rating of the transistor is twice as great as the maximum a.c. output power. 
For example, if a transistor dissipates 3 W under no signal conditions, then maximum a.c. output 
power it can deliver is 1.5 W. 


P 
(iit) Max. collector yn = > x100 = — x100 = 50% 
Example 12.11. In a certain transistor amplifier, 1, gy) = 160 MA, 1, (mig) = LOMA, Veo (max) = 12V 
and V.. (min) = 2V. Calculate the a.c. output power. 
Solution. 
Vv a ae 
A.C. output power, P, = ——— 
Here Vee(p-p) = 12V-2V=10V3i.¢,,,)= 160 mA -10mA= 150 mA 
p, = 1OVXISOMA _ 197.5 my 


Example 12.12. A power transistor working in class A operation is supplied from a 12-volt 
battery. If the maximum collector current change is 100 mA, find the power transferred to a 5 {2 
loudspeaker if it is : 


(i) directly connected in the collector 
(ii) transformer-coupled for maximum power transference 


Find the turn ratio of the transformer in the second case. 
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Solution. 
Max. collector current change, AJ. = 100mA 


Max. collector-emitter voltage change is 
A Voce = 12V 
Loudspeaker resistance, R, = 5 Q 


(i) Loudspeaker directly connected. Fig. 12.9 (i) shows the circuit of class A power amplifier 
with loudspeaker directly connected in the collector. 


Max. voltage across loudspeaker = A/.XR, = 100mAX5 Q=0.5V 
Power developed in the loudspeaker = 0.5 V x 100 mA 
0.05 W = 50 mW 
+ 12V + 12V 


(i) (ii) 
Fig. 12.9 


Therefore, when loudspeaker is directly connected in the collector, only 50 mW of power is 


transferred to the loudspeaker. 


(iit) Loudspeaker transformer coupled. Fig. 12.9 (ii) shows the class A power amplifier with 
speaker transformer coupled. As stated before, for impedance matching, step-down trans- 
former is used. 


AVceg 
Output impedance of transistor = ar. 12 V/100 mA = 120 Q 


C 


In order to transfer maximum power, the primary resistance should be 120 Q. 


Now, load R’, as seen by the primary is 


Or 


Or 


R, =n R, 

120 = n’ R, 

n> = 120 
5 


Turn ratio, n = ee = 4.9 
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Transformer secondary voltage 
oO aay 


n 
2.47 V 
Load current, J, = 50.7 0.49A 
Power transferred to the loudspeaker 
= 1 : Ry, 


= (0.49)°x5 = 1.2W = 1200mW 
It is clear that by employing transformer coupling, we have been able to transfer a large amount 
of power (1200 mW) to the speaker. The main consideration in power amplifiers is the maximum 
power output and, therefore, transformer coupling is invariably used. 


Example 12.13. A common emitter class A transistor power amplifier uses a transistor with B = 
100. The load has a resistance of 81.6 2, which is transformer coupled to the collector circuit. If the 
peak values of collector voltage and current are 30 V and 35 mA respectively and the corresponding 
minimum values are 5 V and I mA respectively, determine : 


(i) the approximate value of zero signal collector current 

(ii) the zero signal base current 

(iii) P,.and P,. (iv) collector efficiency (v) turn ratio of the transformer. 
Solution. 


In an ideal case, the minimum values Of Veg (min) ANG 16 min) ALE ZeTO. However, in actual practice, 
such ideal conditions cannot be realised. In the given problem, these minimum values are 5 V and 
ImA respectively as shown in Fig. 12.10. 


bes 


‘¢— D.C. LOAD LINE 


35 mA 
(ic max) 


O POINT 


1mA 
(ic min) 


Y 
5V 30 V a 
VCE VCE 
(min) (max) 


Fig. 12.10 


(i) The zero signal collector current is approximately half-way between the maximum and mini- 
mum values of collector current i.e. 
2 +1 = 18mA 


Zero signal I. 


(ii) Zero signal I, I./B = 18/100 = 0.18 mA 
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(iii) Zero signalV., = = 2 t= 175-V 


Since the load is transformer coupled, V.¢ ~ 17.5 V. 
d.c. input power, P,. = Vecle = 17.5 Vx 18mA = 315 mW 


a.c. output voltage, V.. = cae = 8.84 V 
a 
a 
a.c. output current, J, = = 12mA 
o- 
a.c. output power, P,. = VXI. 
= 8.84Vx12mA = 106mW 
P. 106 
= —“x«100 = ——x100 : 
(iv) Collector n P, 315 = 33.7% 
(v) The a.c. resistance Rj in the collector is determined from the slope of the line. 
l 35-1 —34 
Sl —: i eo — = —— kilo mho 
en R, 5-30 25 
Ri = 2kQ = 2x1000 = 7352 


Turn ratio, n ie = 735 
81.6 

Example 12.14. In a class A transformer coupled amplifier, the collector current alternates 
between 3mA and 110 mA and its quiscent value is 58 mA. The load resistance is 132 and when 
referred to primary winding, it is 32592. The supply voltage is 20V. Calculate (i) transformer turn 
ratio (ii) a.c. output power (iit) collector efficiency. 
Soiution. The conditions of the problem are represented in Fig. 12.11. The zero signal /.=58 mA. 

. Let n (= NIN, ) be the turn ratio of the eer 
R’, 


mS 
or 13 


! 
l 
an D.C. LOAD LINE 
] 
| 


Q 
A.C. LOAD LINE 


d 


VCE 


Fig. 12.11 


(it) A.C. output power, P,. = ie R, 


322 m@ Principles of Electronics 


. (58 mA)* x 325Q = 546 mW 


(iii) D.C. input power, P,. = Veclo=20 V x58 mA = 1160 mW 
546 
Collectorn = 1160 x100 =47% 


12.11 Thermal Runaway 


All semiconductor devices are very sensitive to temperature variations. If the temperature of a transis- 
tor exceeds the permissible limit, the transistor may be *permanently damaged. Silicon transistors can 
withstand temperatures upto 250°C while the germanium transistors can withstand temperatures upto 
100°C. 


There are two factors which determine the operating temperature of a transistor viz. (i) surround- 
ing temperature and (ii) power dissipated by the transistor. 


When the transistor is in operation, almost the entire heat is produced at the collector-base 
junction. This power dissipation causes the junction temperature to rise. This in turn increases the 
collector current since more electron-hole pairs are generated due to the rise in temperature. This 
produces an increased power dissipation in the transistor and consequently a further rise in tempera- 
ture. Unless adequate cooling is provided or the transistor has built-in temperature compensation 
circuits to prevent excessive collector current rise, the junction temperature will continue to increase 
until the maximum permissible temperature is exceeded. If this situation occurs, the transistor will be 
permanently damaged. 


The unstable condition where, owing to rise in temperature, the collector current rises and 
continues to increase is known as thermal runaway. 


Thermal runaway must always be avoided. If it occurs, permanent damage is caused and the 
transistor must be replaced. 


12.12 Heat Sink 


As power transistors handle large currents, they al- 
ways heat up during operation. Since transistor is a 
temperature dependent device, the heat generated 
must be dissipated to the surroundings in order to 
keep the temperature within permissible limits. Gener- 
ally, the transistor is fixed on a metal sheet (usually 
aluminium) so that additional heat 1s transferred to the 
Al sheet. 


The metal sheet that serves to dissipate the addi- 


tional heat from the power transistor is known as 
heat sink. 


Most of the heat within the transistor 1s produced 
at the **collector junction. The heat sink increases 
the surface area and allows heat to escape from the 
collector junction easily. The result is that temperature of the transistor is sufficiently lowered. Thus 
heat sink is a direct practical means of combating the undesirable thermal effects e.g. thermal runaway. 


Heat Sink 


* Almost the entire heat in a transistor is produced at the collector-base junction. If the temperature exceeds 
the permissible limit, this junction is destroyed and the transistor is rendered useless. 

*“* Most of power is dissipated at the collector-base junction. This is because collector-base voltage is much 
greater than the base-emitter voltage, although currents through the two junctions are almost the same. 
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It may be noted that the ability of any heat sink to transfer heat to the surroundings depends upon its 
material, volume, area, shape, contact between case and sink and movement of air around the sink. 
Finned aluminium heat sinks yield the best heat transfer per unit cost. 


It should be realised that the use of heat sink alone may not be sufficient to prevent thermal 
runaway under all conditions. In designing a transistor circuit, consideration should also be given to 
the choice of (i) operating point (77) ambient temperatures which are likely to be encountered and (iii) 
the type of transistor e.g. metal case transistors are more readily cooled by conduction than plastic 
ones. Circuits may also be designed to compensate automatically for temperature changes and thus 
stabilise the operation of the transistor components. 


12.13 Mathematical Analysis 


The permissible power dissipation of the transistor is very important item for power transistors. The 
permissible power rating of a transistor is calculated from the following relation : 
T -T 


P total TG a 
where P otal = total power dissipated within the transistor 
Tj max = Maximum junction temperature. It is 90°C for germanium 
transistors and 150°C for silicon transistors. 
T mb = ambient temperature i.e. temperature of surrounding air 


0 


*thermal resistance i.e. resistance to heat flow from the 
junction to the surrounding air 

The unit of 0 is °C/ watt and its value is always given in the transistor manual. A low thermal 
resistance means that it is easy for heat to flow from the junction to the surrounding air. The larger the 
transistor case, the lower is the thermal resistance and vice-versa. It is then clear that by using heat 
sink, the value of 8 can be decreased considerably, resulting in increased power dissipation. 


Example 12.15. A power transistor dissipates 4 W. If T,,_,,, = 90°C, find the maximum ambient 
temperature at which it can be operated. Given 8 = 10°C/W. 


Solution. 
P otal =a. 
Ty max = 90°C 
8 = 10°C/W 
T ae 
Now P32 
0 
90 -T 
4 = amb 
10 
.. Ambient temperature, T mb = 20-40 = 50°C 


The above example shows the effect of ambient temperature on the permissible power dissipa- 
tion in atransistor. The lower the ambient temperature, the greater is the permissible power dissipa- 
tion. Thus, a transistor can pass a higher collector current in winter than in summer. 


Example 12.16. (i) A power transistor has thermal resistance 9 = 300°C/W. If the maximum 
junction temperature is 90°C and the ambient temperature is 30°C, find the maximum permissible 
power dissipation. 


The path of heat flow generated at the collector-base junction is from junction to case, from case to sink 
and from sink to atmosphere. 
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(ii) Ifa heat sink is used with the above transistor, the value of 8 is reduced to 60°C/W. Find the 
maximum permissible power dissipation. 


Solution. 
(i) Without heat sink 
Leng. = OVC 
T mb = 30°C 
8 = 300°C/W 
Po = A = = 0.2 W = 200 mW 
(ii) With heat sink 
Ty max = 90°C 
T mb = 30°C 
8 = 60°C/W 
Pa) = a = a = 1W = 1000 mW 


It is clear from the above example that permissible power dissipation with heat sink is 5 times as 
compared to the case when no heat sink is used. 


Example 12.17. The total thermal resistance of a power transistor and heat sink is 20°C/W. 
The ambient temperature is 25°C and T, = 200°C. If Voz = 4 V, find the maximum collector 
current that the transistor can carry without destruction. What will be the allowed value of collector 
current if ambient temperature rises to 75°C ? 


Solution. 
| ed = 
an = Jmax amb _ 200 — 25 - 875 W 
0 20 
This means that maximum permissible power dissipation of the transistor at ambient temperature 


of 25°C is 8.75 W i.e. 


P 


Verlo = 8.75 
I, = 8.75/4 = 219A 
T ymax ~T 
Again Pin) = —max__amb _ 200-75 = 6.25 W 
0 20 
I. = 6.25/4 = 156A 


This example clearly shows the effect of ambient temperature. 


12.14 Stages of A Practical Power Amplifier 


The function of a practical power amplifier is to amplify a weak signal until sufficient power is available 
to operate a loudspeaker or other output device. To achieve this goal, a power amplifier has generally 
three stages viz. voltage amplification stage, driver stage and output stage. Fig. 12.12 shows the 
block diagram of a practical power amplifier. 


SIGNAL | VOLTAGE VOLTAGE DRIVER POWER Y 
AMPLIFICATION AMPLIFICATION STAGE STAGE 7) 


Fig. 12.12 
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(i) Voltage amplification stage. The signals found in practice have extremely low voltage level 
(<10 mV). Therefore, the voltage level of the weak signal is raised by two or more voltage 
amplifiers. Generally, RC coupling is employed for this purpose. 


(ii) Driver stage. The output from the last voltage amplification stage is fed to the driver stage. 
It supplies the necessary power to the output stage. The driver stage generally employs class 
A transformer coupled power amplifier. Here, concentrated effort is made to obtain maxi- 
mum power gain. 

(i) Output stage. The output power from the driver stage is fed to the output stage. It is the 
final stage and feeds power directly to the speaker or other output device. The output stage 
is invariably transformer coupled and employs class B amplifiers in push-pull arrangement. 
Here, concentrated effort is made to obtain maximum power output. 


12.15 Driver Stage 


The stage that immediately precedes the output stage is called the driver stage. It operates as a class 
A power amplifier and supplies the drive for the output stage. Fig. 12.13 shows the driver stage. Note 
that transformer coupling is employed. The primary of this transformer is the collector load. The 
secondary is almost always centre-tapped so as to provide equal and opposite voltages to the input of 
push-pull amplifier (i.e. output stage). The driver transformer is usually a step-down transformer and 
facilitates impedance matching. 

The output from the last voltage amplification stage forms the input to the driver stage. The 
driver stage renders power amplification in the usual way. It may be added that main consideration 
here is the maximum power gain. The output of the driver stage is taken from the centre-tapped 
secondary and is fed to the output stage. 


+ Voc 


<— OUTPUT 


INPUT 


Fig. 12.13 


12.16 Output Stage 


The output stage essentially consists of a power amplifier and its purpose is to transfer maximum 
power to the output device. If a single transistor is used in the output stage, it can only be employed 
as class A amplifier for faithful amplification. Unfortunately, the power efficiency of aclass A amplifier 
is very low (~ 35%). As transistor amplifiers are operated from batteries, which is a costly source of 
power, therefore, such a low efficiency cannot be tolerated. 

In order to obtain high output power at high efficiency, pushpull arrangement is used in the 
Output stage. In this arrangement, we employ two transistors in class B operation. One transistor 
amplifies the positive half-cycle of the signal while the other transistor amplifies the negative half- 
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cycle of the signal. In this way, output voltage is a complete sine wave. At the same time, the circuit 
delivers high output power to the load due to class B operation. 


12.17 Push-Pull Amplifier 


The push-pull amplifier is a power amplifier and is frequently employed in the output stages of 
electronic circuits. It is used whenever high output power at high efficiency is required. Fig. 12.14 
shows the circuit of a push-pull amplifier. Two tran- 
sistors T,, and T.., placed back to back are employed. 
Both transistors are operated in class B operation i.e. 
collector current is nearly zero in the absence of the 
signal. The centre-tapped secondary of driver trans- 
former T, supplies equal and opposite voltages to the 
base circuits of two transistors. 


The output transformer T, has the centre-tapped 
primary winding. The supply voltage Vis connected 
between the bases and this centre tap. The loud- 
speaker is connected across the secondary of this 
transformer. 


Circuit operation. The input signal appears across 
the secondary AB of driver transformer. Suppose dur- 
ing the first half-cycle (marked 1) of the signal, end A 
becomes positive and end B negative. This will make 
the base-emitter junction of T,, reverse biased and that of T_, forward biased. The circuit will conduct 
current due to 7, only and is shown by solid arrows. Therefore, this half-cycle of the signal is 
amplified by T,, and appears in the lower half of the primary of output transformer. In the next half- 
cycle of the signal, T_, is forward biased whereas T,.. is reverse biased. Therefore, T,, conducts and is 
shown by dotted arrows. Consequently, this half-cycle of the signal is amplified by T., and appears 
in the upper half of the output transformer primary. The centre-tapped primary of the output trans- 
former combines two collector currents to form a sine wave output in the secondary. 


Push-Pull Amplifier 


OUTPUT 
a Ce ee ; x TRANSFORMER 
i | des 


DRIVER 
TRANSFORMER 


Ll é 


Fig. 12.14 


It may be noted here that push-pull arrangement also permits a maximum transfer of power to the 
load through impedance matching. If R, is the resistance appearing across secondary of output trans- 
former, then resistance R; of primary shall become : 
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2 
m= (ie) & 
where , = Number of turns between either end of primary winding and 
centre-tap 
N, = Number of secondary turns 
Advantages 


(i) The efficiency of the circuit is quite high (= 75%) due to class B operation. 
(ii) A high a.c. output power is obtained. 


Disadvantages 


Two transistors have to be used. 


(i) 
(ii) It requires two equal and opposite voltages at the input. Therefore, push-pull circuit re- 
quires the use of driver stage to furnish these signals. 


(iii) 


If the parameters of the two transistors are not the same, there will be unequal amplification 


of the two halves of the signal. 

(iv) 
(v) 
12.18 Maximum Efficie 


The circuit gives more distortion. 
Transformers used are bulky and expensive. 


ncy for Class B Power Amplifier 


We have already seen that a push-pull circuit uses two transistors working in class B operation. For 


class B operation, the Q-point is located a 


t cut-off on both d.c. and a.c. load lines. For maximum signal 


operation, the two transistors in class B amplifier are alternately driven from cut-off to saturation. This 
is shown in Fig. 12.15 (i). It is clear that a.c. output voltage has a peak value of V,, and a.c. output 


current has a peak value of [6 (44) 
the circuit [See Fig. 12.15 (i)]. 


Peak a.c. output voltage 


Peak a.c. output current 


Maximum average a.c. output power P 


P 


o (max) 


= Fs (max) 
The input d.c. power from the 


Pac 


Voc 
2 
Also peak voltage across each transistor 1s 


collector-emitter terminals i.e. Ver = 


ame = — 
C (sat) R, ) 


V 


You _ Mec y 


The same information is also conveyed through the a.c. load line for 


= Veg 
= Le (sat) = ee = a er Vene “ce. 
R, 2R, 2 

tna 
= Product of r.m.s. values of a.c. output 

voltage and a.c. output current 
_ Vee le(saty _ Yee 4c (sar 

2 2 
_ Veo y, fe san _ Voc fe (sat fen Ve = Vee ) 

2 2 4 <7 2 


0.25 Vecle (sat 


supply Vis 


Since the two transistors are identical, half the supply voltage is dropped across each transistor’s 


, and it appears across R,. 
L Pae 


C 
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Loa 
2R, C (sat) 


Ic 


I C(sat) 


(i) (ii) 
Fig. 12.15 


where J, is the average current drawn from the supply V_,. Since the transistor is on for alternat- 
ing half-cycles, it effectively acts as a half-wave rectifier. 


_ I¢ (sat) 
Le ~ 1 
P _ Voc Ic (sat) 
ac 18 
Gain) _ 0.25 Voc Ic (sat) 


x 100 =0.252 x 100 = 78.5% 


Max. collector 1 = 
Pic (Voc Te (sary) /® 

Thus the maximum collector efficiency of class B power amplifier is 78.5%. Recall that maximum 
collector efficiency for class A transformer coupled amplifier is 50%. 

Power dissipated by transistors. The power dissipated (as heat) by the transistors in class B 
amplifier is the difference between the input power delivered by Vand the output power delivered 
to the load 7.e. 

Por = P tc a Pag 
where P,,; = power dissipated by the two transistors 
Power dissipated by each transistor 1s 
Par os Pac = Vie 
2 2 


Note. For collector efficiency of class C amplifiers, the reader may refer to Chapter 15 (Transistor tuned 
amplifiers). 


Pr = 


Example 12.18. For a class B amplifier using a supply of Ve¢ = 12V and driving a load of 8Q, 
determine (i) maximum load power (ii) d.c. input power (iti) collector efficiency. 


Solution. Veo = 12V; RF, = 8Q 


(i) Maximum load power, P = 0.25 Vee Lo (sary 


o (max) 


Voc ) 


Ve 
(. Lo (sat) 7 y) R, 


C 
= 0.25 Vicx 2R, 


12 
0.25x12~x 2x8 =2.25 W 
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Yoo !cysaty _ Vec alae 


(il) D.C. input power, P,. = Ps nm 2R, 
[2 12 
= Fh Oxg =2.87W 
I Cans 2.25 
(iii) Collectorn = 2 «100 = 35x 100 = 78.4% 


Example 12.19. A class B push-pull amplifier with transformer coupled load uses two 
transistors rated 10 W each. What is the maximum power output one can obtain at the load from the 
circuit? 


Solution. The power dissipation by each transistor is P; = 10W. Therefore, power dissipated by 
two transistors is P,,,= 2 x 10 = 20W. 


Now Pac = Pocmax + Pap 3 Max. 1 = 0.785 
M o (max ) = P eaniee = Lae 
a Pi ere + Pyr Fait + 20 
P 
(max ) 
or 0.785 = : 
Penh 20 

or 0.785 P. Gua 15.7 = P. a 
or Pm —0.785) = 15.7 

15.7 15.7 


Pima) = 1-0.785 0.215 = 13-02 W 
Example 12.20. A class B push-pull amplifier has an efficiency of 60% and each transistor has 
a rating of 2.5W. Find the a.c. output power and d.c. input power. 
Solution. The power dissipated by each transistor is P;= 2.5W. 
Therefore, power dissipated by the two transistors is P,,-= 2x2.5 = SW. 


Now P, = P+Por ; N=06 
ie ‘oP 
1 pp +P 
dc ac 21 
0.6 vac 0.6 P S=L 
or p = P +5 or : Praag ae ere 
De 
Lg. = 1-0.6 0.4 =7.5W 
and Py. = Pat Pop=7545=12.5 W 


Example 12.21. A class B amplifier uses V-- = 10V and drives a load of 10. Determine the end 
point values of the a.c. load line. 


Solution. 


1G) = DR Fa0.@y) = 


This locates one end-point of the a.c. load line on the collector current axis. 


Voc _ 10V 
mag) pe ge 
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This locates the second end-point of the a.c load line on the collector-emitter voltage axis. By 
joining these two points, the a.c. load line of the amplifier is constructed. 


12.19 Complementary-Symmetry Amplifier 


By complementary symmetry is meant a principle of assembling push-pull class B amplifier without 
requiring centre-tapped transformers at the input and output stages. Fig. 12.16 shows the transistor 
push-pull amplifier using complementary symmetry. It employs one npn and one pnp transistor and 
requires no centre-tapped transformers. The circuit action is as follows. During the positive-half of 
the input signal, transistor T, (the npn transistor) conducts current while T, (the pnp transistor) is cut 
off. During the negative half-cycle of the signal, T, conducts while 7, is cut off. In this way, npn 
transistor amplifies the positive half-cycles of the signal while the pnp transistor amplifies the nega- 
tive half-cycles of the signal. Note that we generally use an output transformer (not centre-tapped) 
for impedance matching. 


Vo & 


— ‘1 ‘<@ 


SIGNAL 


: ‘Ss LOAD 


Fig.12.16 


Advantages 
(i) This circuit does not require transformer. This saves on weight and cost. 
(ii) Equal and opposite input signal voltages are not required. 
Disadvantages 
(i) Itis difficult to get a pair of transistors (npn and pnp) that have similar characteristics. 


(ii) We require both positive and negative supply voltages. 


MULTIPLE-CHOICE QUESTIONS 


1. The output stage of a multistage amplifier is Di seascsaanes coupling is generally employed in 
also called .......... power amplifiers. 
(i) mixer stage (ii) power stage (i) transformer (ti) RC 


(iii) detector stage (iv) R.F. stage (iii) direct (iv) impedance 
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3. Aclass A power amplifier uses ....... 
(i) two transistors (ii) three transistors 
(iii) One transistor (iv) none of the above 


4. The maximum efficiency of resistance loaded 
class A power amplifier is ........ 


(i) 78.5% (it) 50% 
(iti) 30% (iv) 25% 
5. The maximum efficiency of transformer 
coupled class A power amplifier is ....... 


(i) 30% (it) 50% 
(iti) 80% (iv) 45% 
6. Class ....... power amplifier has the highest 
collector efficiency. 
(i) C (ii) A 
(iii) B (iv) AB 
7. Power amplifiers handle ....... signals com- 


pared to voltage amplifiers. 
(i) small (ii) very small 
(iii) large (iv) none of the above 
8. In class A operation, the operating point is 
generally located ........ of the d.c. load line. 
(i) atcutoff point (ii) at the middle 
(iii) at saturation point 
(iv) none of the above 
9. Class Camplifiers are used as ......... 
(i) AF amplifiers 
(iii) R.F. amplifiers (iv) none of the above 


(ii) detectors 


10. A power amplifier has comparatively ......... B. 
(i) small 
(iii) very large 


(ii) large 
(iv) none of the above 


11. The maximum collector efficiency of class B 
Operation is........ 


(i) 50% (ii) 90% 
(iti) 60.5% (iv) 78.5% 
12. A 2-transistor class B power amplifier is com- 
monly called........ amplifier. 
(i) dual 
(iii) symmetrical 


(ii) push-pull 

(iv) differential 

13. Ifa transistor is operated in such a way that 
output current flows for 60° of the input sig- 
nal, then itis ...... Operation. 


(i) classA (ii) class B 
(iii) class C (iv) none of the above 


14. If the zero signal power dissipation of a tran- 
sistor is 1 W, then power rating of the tran- 
sistor should be atleast ........... 


(i) 0.5 W (ii) 0.33 W 
(iii) 0.75 W (iv) 1W 
15. When a transistor is cut off, ........ 


(i) maximum voltage appears across tran- 
sistor 


(ii) maximum current flows 
(iii) 
(iv) 

16. A class A power amplifier is sometimes 
called ........ amplifier. 


maximum voltage appears across load 
none of the above 


(i) symmetrical (ii) single-ended 


(iii) reciprocating (iv) differential 


17. Class .......... Operation gives the maximum 
distortion. 
(i) A (ii) B 
(iti) C (iv) AB 


18. The output stage of a multistage amplifier 
usually employs ........ 


(i) push-pull amplifier 
(ii) preamplifier 
(ili) 
(iv) 
19. The size of a power transistor is made con- 
siderably large to ........ 


class A power amplifier 
none of the above 


(i) provide easy handling 
(ii) dissipate heat 
(iii) facilitate connections 
(iv) none of the above 
20. Low efficiency of a power amplifier results 


(i) low forward bias 
(ii) less battery consumption 
more battery consumption 
(iv) none of the above 
21. The driver stage usually employs ....... 
(i) class A power amplifier 
(ii) push-pull amplifier 
(iii) 
(iv) 
22. If the power rating of a transistor is 1 W and 
collector current is 100 mA, then maximum 


class C amplifier 
none of the above 
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allowable collector voltage is ........ 
(i) 1V (ii) 100V 
(iii) 20V (iv) 1OV 
23. When no signal is applied, the approximate 
collector efficiency of class A power ampli- 


fier 1S ........... 
(i) 10% (ii) 0% 
(iii) 25% (iv) 50% 


24. What will be the collector efficiency of a 
power amplifier having zero signal power 
dissipation of 5 watts and a.c. power output 


of 2 watts ? 
(i) 20% (ii) 80% 
(iii) 40% (iv) 50% 


25. The output signal voltage and current of a 
power amplifier are 5 V and 200 mA ; the 
values being r.m.s. What is the power out- 


put ? 
(i) 1W (ii) 2 W 
(iii) 4W (iv) none of the above 


26. The maximum a.c. power output from a class 
A power amplifier is 10 W. What should be 
the minimum power rating of the transistor 


used ? 
(1) 1O0W (ii) 1S W 
(iii) SW (iv) 20 W 


27. For the same a.c. power output as above, 
what should be the minimum power rating 
of transistor for class B operation ? 

(i) 1OW (ii) 4W 
(lili) 8 W (iv) none of the above 

28. The push-pull circuit must use ..... operation. 

(i) classA (ii) class C 
(iii) class B (iv) class AB 

29. The class B push-pull circuit can deliver 
100 W of a.c. output power. What should 
be the minimum power rating of each 
transistor ? 

(i) 20 W (ii) 40 W 
(iii) 10 W (iv) 80 W 

30. What turn ratio (N_IN,) of transformer is 
required to match 4 Q speaker to a transis- 
tor having an output impedance of 8000 Q ? 
(i) 35.2 (ii) 44.7 


(iti) 543 

31. A transformer coupled class A power ampli- 

fier has a load of 100 Q on the secondary. If 

the turn ratio is 10: 1, what is the value of 
load appearing on the primary ? 


(ij) SkQ (ii) 20 kQ 

(iii) 100 kQ (iv) 10 kQ 
32. Power amplifiers generally use transformer 
coupling because transformer permits ....... 


(iv) none of the above 


(i) cooling of the circuit 
(ii) impedance matching 
(iii) distortionless output 
(iv) good frequency response 
33. Transformer coupling can be used in ........ 
amplifiers. 
(i) either power or voltage 
(ii) only power 
(iii) only voltage (iv) none of the above 
34. The output transformer used in a power am- 
plifier is a...... transformer. 
(i) 1:1 ratio (ii) step-up 
(iii) step-down (iv) none of the above 
35. The most important consideration in power 
amplifiers is...... 
(i) biasing the circuit 
(it) collector efficiency 
(iii) to keep the transformer cool 
(iv) none of the above 
36. An AF amplifier is shielded to ........ 
(i) keep the amplifier cool 
(ii) protect from rusting 
(iii) prevent induction due to stray magnetic 
fields 
(iv) none of the above 
37. The pulsating d.c. applied to power ampli- 
fier causes ........ 
(i) burning of transistor 
(ii) hum in the circuit 
(iii) 
(iv) 
38. The disadvantage of impedance matching is 
that it.......... 


(i) gives distorted output 


excessive forward voltage 
none of the above 
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(ii) gives low power output (i) amplitude (ii) intermodulation 
(iii) requires a transformer (iii) frequency (iv) none of the above 
(iv) none of the above 40. The most costly coupling is............ coupling. 
39. If the gain versus frequency curve of a tran- (1) RC (ii) direct 
sistor amplifier is not flat, then there is ......... (iii) impedance (iv) transformer. 
distortion. 


= 2 


et eee 


Answers to Multiple-Choice Questions 


.@ 3. (iii) . (iv) 
. (iii) 8. (ii) . (iii) 
. (ii) 13. (iii) . (iv) 
. (iii) « . (ii) 
. (iv) . (ii) . (iii) 
. (ii) . (iii) . (i) 
. (ii) . . (iii) 
. (ii) . . (iii) 


Chapter Review’ Topics 


What is an audio power amplifier ? What is its need ? 

Explain the difference between a voltage and a power amplifier. 

What do you understand by class A, class B and class C power amplifiers ? 

Define and explain the following terms as applied to power amplifiers : 

(i) collector efficiency (ii) distortion (iii) power dissipation capability 

Show that maximum collector efficiency of class A transformer coupled power amplifier is 50%. 
Draw the block diagram of a practical power amplifier. 

Explain the push-pull circuit with a neat diagram. 


Write short notes on the following : 


(i) Heat sink (ii) Driver stage 
(iii) Output stage (iv) Complementary-symmetry amplifier 
Problems 


. The resistance of the secondary of an output transformer is 100 Q. If the output impedance is 10 kQ, 


find the turn ratio of the transformer for maximum power transference. [n = 10] 


A power transistor working in class A operation has zero signal power dissipation of 5 watts. If a.c. 
output power is 2 watts, find (7) collector efficiency (ii) power rating of transistor. 


[() 40% (ii) 5 watts] 


. Aclass A power amplifier has a maximum a.c. power output of 30 W. Find the power rating of the 


transistor. [60 W] 


. Thea.c. power output of a class A power amplifier is 2 W. If the collector efficiency is 40%, find the 


power rating of the transistor. [5 W] 


In aclass A transformer coupled amplifier, collector current alternates between 3 mA and 110 mA and 
its quiescent value is 58 mA. The load resistance is 15 Q and when referred to primary winding is 325 
(2. The supply voltage is 20V. Find (7) transformer turn ratio (ii) a.c. power output (iii) power rating 
of transistor. 
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6. 


10. 


A transistor has thermal resistance 8 = 80°C/W. If the maximum junction temperature is 90°C and the 
ambient temperature is 30°C, find the maximum permissible power dissipation. 


[750 mW] 
. A power transistor dissipates 4 W. If T, _.,, = 90°C, find the maximum ambient temperature at which 
it can be operated. Given thermal resistance 8 = 8°C/W. [58 °C] 


. Aclass A transformer-coupled amplifier uses a 25 : 1 transformer to drive a 4Q load. Calculate the 


effective a.c. load (seen by the transistor connected to the larger turns side of the transformer). 
[2.5 kQ] 


. Calculate the transformer turns ratio required to connect 4 parallel 1602 speakers so that they appear 


as an 8 kQ effective load. [44.7] 
For a class B amplifier with V.. = 25V driving an 8 load, determine : 
(i) maximum input power 
(ii) Maximum output power 
(iii) maximum circuit efficiency 
[(i) 49.7W (ii) 39.06W (iii) 78.5 %] 


Discussion Questions 


. Why does collector efficiency play important part in power amplifiers ? 
. Why does the problem of distortion arise in power amplifiers ? 

. Why are power amplifiers classified on the basis of mode of operation ? 
. Why does the output stage employ push-pull arrangement ? 

. Why is driver stage necessary for push-pull circuit ? 


. Why do we use transformer in the output stage ? 
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Darlington Amplifier 


INTRODUCTION 


practical amplifier has a gain of nearly one 
Ao: i.e. its output is one million times the 
input. Consequently, even a casual disturbance 

at the input will appear in the amplified form in the 
output. There is a strong tendency in amplifiers to in- 
troduce hum due to sudden temperature changes or stray 
electric and magnetic fields. Therefore, every high gain 
amplifier tends to give noise along with signal in its 
output. The noise in the output of an amplifier is unde- 
sirable and must be kept to as small a level as possible. 


The noise level in amplifiers can be reduced con- 
siderably by the use of negative feedback i.e. by in- 
jecting a fraction of output in phase opposition to the 
input signal. The object of this chapter is to consider 
the effects and methods of providing negative feedback 
in transistor amplifiers. 


13.1 Feedback 


The process of injecting a fraction of output energy of 
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some device back to the input is known as feedback. 

The principle of feedback is probably as old as the invention of first machine but it is only some 
50 years ago that feedback has come into use in connection with electronic circuits. It has been found 
very useful in reducing noise in amplifiers and making amplifier operation stable. Depending upon 
whether the feedback energy aids or opposes the input signal, there are two basic types of feedback in 
amplifiers viz positive feedback and negative feedback. 

(i) Positive feedback. When the feedback energy (voltage or current) is in phase with the input 
signal and thus aids it, it is called positive feedback. This 1s illustrated in Fig. 13.1. Both amplifier 
and feedback network introduce a phase shift of 180°. The result is a 360° phase shift around the 
loop, causing the feedback voltage V,to be in phase with the input signal V, . 


INTRODUCES 180° 


PHASE SHIFT yy 
: Vou 


FEEDBACK 
NETWORK 


INTRODUCES 180° 
PHASE SHIFT 
Fig. 13.1 


The positive feedback increases the gain of the amplifier. However, it has the disadvantages of 
increased distortion and instability. Therefore, positive feedback is seldom employed in amplifiers. 
One important use of positive feedback is in oscillators. As we shall see in the next chapter, if 
positive feedback is sufficiently large, it leads to oscillations. As a matter of fact, an oscillator is a 
device that converts d.c. power into a.c. power of any desired frequency. 

(it) Negative feedback. When the feedback energy (voltage or current) is out of phase with the 
input signal and thus opposes it, it is called negative feedback. This 1s illustrated in Fig. 13.2. As you 
can see, the amplifier introduces a phase shift of 180° into the circuit while the feedback network is so 
designed that it introduces no phase shift (i.e., 0° phase shift). The result is that the feedback voltage 
V,is 180° out of phase with the input signal V,,. 


INTRODUCES 180° 
PHASE SHIFT 
Vin ; ’ \Y Vout 


VAS 180° OUT OF 
PHASE WITH I. 


in 


INTRODUCES 0° 
PHASE SHIFT 


Fig. 13.2 
Negative feedback reduces the gain of the amplifier. However, the advantages of negative feed- 
back are: reduction in distortion, stability in gain, increased bandwidth and improved input and output 
impedances. It is due to these advantages that negative feedback is frequently employed in amplifiers. 


Amplifiers with Negative Feedback | 337 
13.2 Principles of Negative Voltage Feedback In Amplifiers 


A feedback amplifier has two parts viz an amplifier and a feedback circuit. The feedback circuit 
usually consists of resistors and returns a fraction of output energy back to the input. Fig. 13.3 *shows 
the principles of negative voltage feedback in an amplifier. Typical values have been assumed to 
make the treatment more illustrative. The output of the amplifier is 10 V. The fraction m, of this 
output i.e. 100 mV is fedback to the input where it is applied in series with the input signal of 101 mV. As 
the feedback is negative, therefore, only 1 mV appears at the input terminals of the amplifier. 


Referring to Fig. 13.3, we have, 


Gain of amplifier without feedback, A, = [py 7 10, 000 


Fig. 13.3 
100 mV 
Fraction of output voltage fedback, m, = “joy = 9-9! 
10 V 


_ —— = 100 
Gain of amplifier with negative feedback, Av = 101 mV 


The following points are worth noting : 
(i) When negative voltage feedback is applied, the gain of the amplifier is **reduced. Thus, the 
gain of above amplifier without feedback is 10,000 whereas with negative feedback, it is only 100. 
(iit) When negative voltage feedback is employed, the voltage actually applied to the amplifier 
is extremely small. In this case, the signal voltage is 101 mV and the negative feedback is 100 mV so 
that voltage applied at the input of the amplifier is only 1 mV. 
(wi) In anegative voltage feedback circuit, the feedback fraction m, is always between 0 and 1. 


(iv) The gain with feedback is sometimes called closed-loop gain while the gain without feed- 
back is called open-loop gain. These terms come from the fact that amplifier and feedback circuits 
form a “loop”. When the loop is “opened” by disconnecting the feedback circuit from the input, the 
amplifier's gain is A,, the “open-loop” gain. When the loop is “closed” by connecting the feedback 
circuit, the gain decreases to A,,, the “closed-loop” gain. 


* Note that amplifier and feedback circuits are connected in series-parallel. The inputs of amplifier and 
feedback circuits are in series but the outputs are in parallel. In practice, this circuit is widely used. 

** — Since with negative voltage feedback the voltage gain is decreased and current gain remains unaffected, the 
power gain A, A» A.) will decrease. However, the drawback of reduced power gain is offset by the 
advantage of increased bandwidth. 
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13.3 Gain of Negative Voltage Feedback Amplifier 


Consider the negative voltage feedback amplifier shown in Fig. 13.4. The gain of the amplifier 
without feedback is A,. Negative feedback is then applied by feeding a fraction m, of the output 
voltage é, back to amplifier input. Therefore, the actual input to the amplifier is the signal voltage e, 
minus feedback voltage m, é, 1.e., 


Actual input to amplifier = e gM, eo 


The output e, must be equal to the input voltage e, —M, & multiplied by gain A, of the 
amplifier i.e., 


(e,-—M,e) A, = 
or A,é,—A,M, eq = && 
or é,(1+A,m,) = A,é, 
Ey A, 
er . tm 
€ + y mM, 


AMPLIFIER 
WITH 
GAIN A, 


FEEDBACK 
CIRCUIT 


Fig. 13.4 


But e,/e, is the voltage gain of the amplifier with feedback. 
Voltage gain with negative feedback is 
— A, 
Mp = Ty A, m, 
It may be seen that the gain of the amplifier without feedback is A,. However, when negative 
voltage feedback is applied, the gain is reduced by a factor 1+A,m,. It may be noted that negative 
voltage feedback does not affect the current gain of the circuit. 


Example 13.1. The voltage gain of an amplifier without feedback is 3000. Calculate the vollt- 
age gain of the amplifier if negative voltage feedback is introduced in the circuit. Given that feed- 
back fraction m , = 0.01. 


Solution. A, = 3000, m, = 0.01 
Voltage gain with negative feedback is 
A, 3000 _ 3000 


Ay, = = = = ot 
"f  14+A m,  1+3000x0.01 31 @ 
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Example 13.2. The overall gain of a multistage amplifier is 140. When negative voltage feed- 
back is applied, the gain is reduced to 17.5. Find the fraction of the output that is fedback to the 
input. 


Solution. A, = 140, Ave = 17.5 
Let m, be the feedback fraction. Voltage gain with negative feedback is 
A, 
ae eA a. 
140 
or 17.5 = 1+ 140 m, 
or 17.5 + 2450 m, = 140 
, «= 40-175 _i 
” 2450 20 


Example 13.3. When negative voltage feedback is applied to an amplifier of gain 100, the 
overall gain falls to 50. 


(i) Calculate the fraction of the output voltage fedback. 
(ii) If this fraction is maintained, calculate the value of the amplifier gain required if the overall 
stage gain Is to be 75. 
Solution. 
(1) Gain without feedback, A, 100 
Gain with feedback, A,, = 50 
Let m, be the fraction of the output voltage fedback. 
A 


Now A, = ——_Y — 
Yo ee A, m, 
_ 100 
= = 1+ 100 m, 
or 50 +5000 m, = 100 
or m, = Soi 
5000 
(ii) Ay = 73; m,=001; A,=? 
A, 
A.~ = 
wf 1+ A, m, 
or 715 = A 
1+ 0.01 A, 
or 715 +0.75 A, = A, 
A, = —2_ = 300 
1 — 0.75 


Example 13.4. With a negative voltage feedback, an amplifier gives an output of 10 V with an 
input of 0.5 V. When feedback is removed, it requires 0.25 V input for the same output. Calculate (i) 
gain without feedback (ii) feedback fraction m,, 


Solution. 
(z) Gain without feedback, A, = 10/0.25 = 40 
(ii) Gain with feedback, Aye = 10/0.5 = 20 
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A, 
om “we = T+A,m, 
40 
= 20 = T+40m, 
or 20 + 800 m, = 40 
— 40-20 41 
7 m™ = "“s00 «40 


Example 13.5. The gain of an amplifier without feedback is 50 whereas with negative voltage 
feedback, it falls to 25. If due to ageing, the amplifier gain falls to 40, find the percentage reduction 
in stage gain (i) without feedback and (ii) with negative feedback. 


A 
lution. A, = —— 
Solution vf i+ A, 
or 2) = es 
1+ 50m, 

or m, = 1/50 


Vv 
(i) Without feedback. The gain of the amplifier without feedback is 50. However, due to 
ageing, it falls to 40. 


Yage reduction in stage gain = Ss ai x100 = 20% 


(ii) With negative feedback. When the gain without feedback was 50, the gain with negative 
feedback was 25. Now the gain without feedback falls to 40. 


40 
Vv 
29 — 22.2 


x100 = 11.2% 


Yage reduction in stage gain 75 


Example 13.6. An amplifier has a voltage amplification A, and a fraction m, of its output is 
fedback in opposition to the input. Ifm, = 0.1 and A,,= 100, calculate the percentage change in the 
gain of the system if A,, falls 6 db due to ageing. 


Solution. A, = 100, m,=0.1, Ayp=? 
Ay = —2— = —100__ L999 
1+ A, m, 1+ 100 x 0.1 
Fallin gain = 6db 
Let A,, be the new absolute voltage gain without feedback. 
Then, 20 log, ,AJA,, = 6 
or log p> AJA,, = 6/20 =0.3 
or Ay = Antilog 0.3 = 2 
Ay 
or Ay, = A/2 = 100/2 = 50 
New A,= —1 = __50_  g.33 
1+ A, m, 1+50x0.1 
9.09 — 8.33 


% age change in system gain x100 = 8.36% 


9.09 
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Example 13.7. An amplifier has a voltage gain of 500 without feedback. If a negative feedback 
is applied, the gain is reduced to 100. Calculate the fraction of the output fed back. If, due to ageing 
of components, the gain without feedback falls by 20%, calculate the percentage fall in gain with 
feedback. 


Solution. 
A, = 500;A,-= 100; m,=? 
A 
Avg ~ 14+ A, mM, 
500 
2 100 = 14500 m, 
m, = 0.008 
Now A, = 22 500 =400;m,=0.008;A,=? 
* = 100 i a 
A, 400 400 
A = —!_ = Os . 
f  1+A,m, 1+400x0.008 4.2 ane 
| 100 - 95.3 
% age fallinA,, = —T90 108 = 4.7% 


Note that without negative feedback, the change in gain is 20%. However, when negative feed- 
back is applied, the change in gain (4.7%) is much less. This shows that negative feedback provides 
voltage gain stability. 

Example 13.8. An amplifier has an open-loop gain A, = 100,000. A negative feedback of 10 db 
is applied. Find (i) voltage gain with feedback (ii) value of feedback fraction m.,, 

Sodlution. 

(i) db voltage gain without feedback 

= 20 log,, 100,000 = 20 log,, 10° = 100 db 


Voltage gain with feedback = 100—-10=90 db 
Now 20 log), (A,) = 90 
or log 19 (A,p) = 90/20 =4.5 
A,, = Antilog 4.5 = 31622 
oe A, 
(i) Ay ~ 14 A,m 
100, 000 
or 31622 = 14100,000xm, 


m. = 2.17x107° 


y 


Example 13.9. An amplifier with an open-circuit voltage gain of 1000 has an output resistance 
of 100 Q and feeds a resistive load of 900 92. Negative voltage feedback is provided by connecting a 
resistive voltage divider across the output and one-fiftieth of the output voltage is fedback in series 
with the input signal. Determine the voltage gain with negative feedback. 

Solution. Fig. 13.5 shows the equivalent circuit of an amplifier along with the feedback circuit. 

Voltage gain of the amplifier without feedback is 


R 
A. = es ee ...See Art. 10.20 
. Rout +r R, 
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_ 1000 x 900 


= 900 
100 + 900 
A, 900 
A, = — = — — = 47.4 
¢  1+A,m, — 1+900x(/50) 
a = 1000 
Vi V a in ~) 7 t Ry = 900 Q 
V,. 
f 
ty, 
Vp 50 
Fig. 13.5 


Example 13.10. An amplifier is required with a voltage gain of 100 which does not vary by 
more than 1%. If it is to use negative feedback with a basic amplifier the voltage gain of which can 
vary by 20%, determine the minimum voltage gain required and the feedback factor. 


Solution. 
A, 
100 = 1+ A, m, 
or 100+ 100A,m, = A, (i) 
0.8 A, 
Also 99 = T1408 A, m, 
or 99+79.2A,m, = 0.8A, .(il) 
Multiplying eq (1) by 0.792, we have, 
79.2+79.2A,m, = 0.792A, . (ili) 
Subtracting [(ii) — (ii)], we have, 
_ 19.8 _ 
19.8 = 0.008A, .. A,= 0.008 = 2475 


Putting the value of A, (= 2475) in eq. (1), we have, 
100 + 100 x 2475 x m, 2475 


2475 — 100 
Mm, = 1900x2475 = 9.0096 


13.4 Advantages of Negative Voltage Feedback 


The following are the advantages of negative voltage feedback in amplifiers : 
(i) Gain stability. An important advantage of negative voltage feedback is that the resultant 
gain of the amplifier can be made independent of transistor parameters or the supply voltage varia- 


tions. 
A, 


Ay = 1+ A, m, 
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For negative voltage feedback in an amplifier to be effective, the designer deliberately makes the 
product A, m, much greater than unity. Therefore, in the above relation, | can be neglected as com- 
pared to A, m, and the expression becomes : 

Ag = 7. . ma 
Vv Vv Vv 

It may be seen that the gain now depends only upon feedback fraction m, i.e., on the characteris- 
tics of feedback circuit. As feedback circuit is usually a voltage divider (a resistive network), there- 
fore, it is unaffected by changes in temperature, variations in transistor parameters and frequency. 


Hence, the gain of the amplifier is extremely stable. 

(ii) Reduces non-linear distortion. A large signal stage has non-linear distortion because its 
voltage gain changes at various points in the cycle. The negative voltage feedback reduces the non- 
linear distortion in large signal amplifiers. It can be proved mathematically that : 


D 
= 1+ A,m, 
where D = distortion in amplifier without feedback 


o 
T 


of distortion in amplifier with negative feedback 


It is clear that by applying negative voltage feedback to an amplifier, distortion is reduced by a 
factor 1 +A, ™m,, 


(iii) Improves frequency response. As feedback is usually obtained through a resistive net- 
work, therefore, voltage gain of the amplifier is *independent of signal frequency. The result is that 
voltage gain of the amplifier will be substantially constant over a wide range of signal frequency. The 
negative voltage feedback, therefore, improves the frequency response of the amplifier. 


(iv) Increases circuit stability. The output of an ordinary amplifier is easily changed due to 
variations in ambient temperature, frequency and signal amplitude. This changes the gain of the 
amplifier, resulting in distortion. However, by applying negative voltage feedback, voltage gain of 
the amplifier is stabilised or accurately fixed in value. This can be easily explained. Suppose the 
output of a negative voltage feedback amplifier has increased because of temperature change or due 
to some other reason. This means more negative feedback since feedback is being given from the 
output. This tends to oppose the increase in amplification and maintains it stable. The same is true 
should the output voltage decrease. Consequently, the circuit stability is considerably increased. 


(v) Increases input impedance and decreases output impedance. The negative voltage feed- 
back increases the input impedance and decreases the output impedance of amplifier. Such a change 
is profitable in practice as the amplifier can then serve the purpose of impedance matching. 


(a) Input impedance. The increase in input impedance with negative voltage feedback can be 
explained by referring to Fig. 13.6. Suppose the input impedance of the amplifier is Z,, without 
feedback and Z ‘i with negative feedback. Let us further assume that input current is /,. 


Referring to Fig. 13.6, we have, 


€,- Mey = 1 Lin 


Now e, 


(e, — Mey) +M, 5 


(e, —m,é@)+A,m, (e, — mM, ev) [-. @n=A, (e, —mM,eo)| 


(e,— m,€,) (1 +A, m,) 
i, Z,,(1+A,m,) [- €é,-m,é,= 1, Z,,] 


A,,= l/m,. Now m, depends upon feedback circuit. As feedback circuit consists of resistive network, 
therefore, value of m, is unaffected by change in signal frequency. 
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e 
or 5 =Z,(1+A,m) 
4 
;,> the input impedance of the amplifier with negative voltage feedback. 


But e Jt — A 


Z., = Z,(1+A,m,) 


tin 


out 


3 & 
| <— 


AMPLIFIER 
WITH R, 
GAIN 4, 


FEEDBACK 
CIRCUIT 


Fig. 13.6 


It is clear that by applying negative voltage feedback, the input impedance of the amplifier is 
increased by a factor 1 +A,m,. As Am, is much greater than unity, therefore, input impedance is 
increased considerably. This is an advantage, since the amplifier will now present less of a load to its 
source circuit. 


(6) Output impedance. Following similar line, we can show that output impedance with nega- 
tive voltage feedback is given by : 


Via = Z out 
se 1+ A, m, 
where Z - = output impedance with negative voltage feedback 
Zout = Output impedance without feedback 


It is clear that by applying negative feedback, the output impedance of the amplifier is decreased 
by a factor 1+A,m,. This is an added benefit of using negative voltage feedback. With lower value 
of output impedance, the amplifier is much better suited to drive low impedance loads. 


13.5 Feedback Circuit 


The function of the feedback circuit is to return a fraction of the output voltage to the input of the 
amplifier. Fig. 13.7 shows the feedback circuit of negative voltage feedback amplifier. It is essen- 
tially a potential divider consisting of resistances R, and R,. The output voltage of the amplifier is fed 
to this potential divider which gives the feedback voltage to the input. 

Referring to Fig. 13.7, itis clear that : 


K, 
Voltage across R, = Eo 


R, + R, 
Voltage across R, R, 
Feedback fraction, m. = ————————— = 
& K + R, 
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ol. 


9) 


FEEDBACK 
CIRCUIT 


Fig. 13.7 


Example 13.11. Fig. 13.8 shows the negative voltage feedback amplifier. If the gain of the 
amplifier without feedback is 10,000, find : 
(i) feedback fraction (ii) overall voltage gain (iii) output voltage if input voltage is I mV. 


Solution. A, = 10,000, R,=2kQ, R,=18kQ 
(1) Feedback fraction, m, = = ee = 0.1 
R, + R, 2+ 18 

(ii) Voltage gain with negative feedback is 

dee A, _ 10, 000 = 

f  1+A,m, — 1+10,000x0.1 
(ili) Output voltage = A,,-x input voltage 
= 10xlmV = 10mV 
‘i Vcc a Voc 


TRANSISTOR 


TRANSISTOR 


Fig. 13.8 Fig. 13.9 


Example 13.12. Fig. 13.9 shows the circuit of a negative voltage feedback amplifier. If without 
feedback, A, = 10,000, Z,, = 10 kQ, Z,,,, = 100 Q, find : 
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(i) feedback fraction (ii) gain with feedback 
(iii) input impedance with feedback (iv) output impedance with feedback. 
Solution. 
R 
R +B - oo es 
(ii) Gain with negative feedback is 


Wea ce A, _ 10,000 =4 
Yo 1+A m,  1+10,000x0.1 


(iii) With negative voltage feedback, input impedance is increased and is given by : 


(t) Feedback fraction, m, = 


Z,, = (l+A,m,) Z,, 
( feedback) 
= (1+ 10,000 x 0.1) 10 kQ 
= 1001 x 10 kQ 
= 10 MQ 
(iv) With negative voltage feedback, output impedance is decreased and is given by ; 
Zou a eae ae 1” i001 ee 
( feedback) yey 


Example 13.13. The gain and distortion of an amplifier are 150 and 5% respectively without 
feedback. If the stage has 10% of its output voltage applied as negative feedback, find the distortion 
of the amplifier with feedback. 

Solution. 

Gain without feedback, A, = 150 
Distortion without feedback, D 5% = 0.05 
Feedback fraction, m, = 10% = 0.1 
If D, fis the distortion with negative feedback, then, 
ie D _ 0.05 
Wf 1+ A, m, 1+150x0.1 

It may be seen that by the application of negative voltage feedback, the amplifier distortion 1s 
reduced from 5% to 0.313%. 

Example 13.14. An amplifier has a gain of 1000 without feedback and cut-off frequencies are 
f, = 1.5 kHz and f, = 501.5 kHz. If 1% of output voltage of the amplifier is applied as negative 
feedback, what are the new cut-off frequencies ? 


= 0.00313 = 0.313% 


Solution. A, = 1000; m,=0.01 
The new lower cut-off frequency with feedback is 
fi 1.5 kHz 


= 1s = 136.4 
NGS ame TeOOxKOOR 


The new upper cut-off frequency with feedback is 
fay) = fo +m,Ay) = (501.5 kHz) (1 + 1000 x 0.01) = 5.52 MHz 


Note the effect of negative voltage feedback on the bandwidth of the amplifier. The lower cut-off 
frequency is decreased by a factor (1 + m,, A,,) while upper cut-off frequency is increased by a factor 
(1+m,,A,). In other words, the bandwidth of the amplifier is increased approximately by a factor 
(1+m,A,). 

BW) = BW(1+m,A,) 
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where BW = Bandwidth of the amplifier without feedback 
BW ,) = Bandwidth of the amplifier with negative feedback 


13.6 Principles of Negative Current Feedback 


In this method, a fraction of output current is fedback to the input of the amplifier. In other words, the 
feedback current (J ) is proportional to the output current (J, ,) of the amplifier. Fig. 13.10 shows the 
principles of negative current feedback. This circuit is called current-shunt feedback circuit. A 
feedback resistor R,is connected between input and output of the amplifier. This amplifier has a 
current gain of A; without feedback. It means that a current J, at the input terminals of the amplifier 
will appear as A, J, in the output circuit 7.e., 7,,,=A,1,. Now a fraction m, of this output current is 


fedback to the input through R " The fact that arrowhead shows the feed current being fed forward is 
because it is negative feedback. 


Fig. 13.10 


Feedback current, if = ml 


tL” out 


Feedback fraction, m, = “f_ _ Feedback current 
- Output current 
Note that negative current feedback reduces the input current to the amplifier and hence its 


current gain. 


13.7 Current Gain with Negative Current Feedback 


Referring to Fig. 13.10, we have, 
I 


in 


= [+l = [,+m,1 


tL” out 


But [,, =A,/,, where A, is the current gain of the amplifier without feedback. 


fin = 1, +m,A,l, Ce Lou = Ait) 
Current gain with negative current feedback is 
4, = fu = At 
| I, +m, A, I, 
A; 
° Ae = Tom, A 


This equation looks very much like that for the voltage gain of negative voltage feedback ampli- 
fier. The only difference is that we are dealing with current gain rather than the voltage gain. The 
following points may be noted carefully : 


(1) The current gain of the amplifier without feedback is A;. However, when negative current 
feedback is applied, the current gain is reduced by a factor (1 + m, A,). 


(it) The feedback fraction (or current attenuation) m, has a value between 0 and 1. 


(iii) The negative current feedback does not affect the voltage gain of the amplifier. 
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Example 13.15. The current gain of an amplifier is 200 without feedback. When negative 
current feedback is applied, determine the effective current gain of the amplifier. Given that current 
attenuation m, = 0.012. 


A, 


Solution. Aig — 1+ m, A, 
Here A; = 200; m,=0.012 
A, = ——“0 ____ = 58.82 


1+ (0.012) (200) 


13.8 Effects of Negative Current Feedback 
The negative current feedback has the following effects on the performance of amplifiers : 


(i) Decreases the input impedance. The negative current feedback decreases the input 
impedance of most amplifiers. 


Let Z 


., = Input impedance of the amplifier without feedback 


Z,, = Input impedance of the amplifier with negative current feedback 


Fig. 13.11 


Referring to Fig. 13.11, we have, 


7, Vi, 
in I, 
, V. 
and Zi. = 2 
lin 
But V, = 1,2, and [= I+, =[,+m,1,,, = 1,+m,A,1, 
J Fi Zin = Zin 
mm T+m At, 1+mA 
, Z. 
or Z, = —— 


Thus the input impedance of the amplifier is decreased by the factor (1 + m,A,). Note the primary 
difference between negative current feedback and negative voltage feedback. Negative current feed- 
back decreases the input impedance of the amplifier while negative voltage feedback increases the 
input impedance of the amplifier. 


(ii) Increases the output impedance. It can be proved that with negative current feedback, the 
output impedance of the amplifier is increased by a factor (1 + m, A)). 


Z out = Lout (1 + My Aj) 
where Zou; = Output impedance of the amplifier without feedback 
Z ut = output impedance of the amplifier with negative current feedback 
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The reader may recall that with negative voltage feedback, the output impedance of the amplifier 
is decreased. 


(iii) Increases bandwidth. It can be shown that with negative current feedback, the bandwidth 
of the amplifier is increased by the factor (1 + m, A,). 


BW’ = BW(1 +m, A)) 
where BW = Bandwidth of the amplifier without feedback 
BW’ Bandwidth of the amplifier with negative current feedback 
Example 13.16. An amplifier has a current gain of 240 and input impedance of 15 kQ2 without 


feedback. If negative current feedback (m, = 0.015) is applied, what will be the input impedance of 
the amplifier ? 


Zz. 


, in 


Solution. a — 1+ mA, 


Here ISkQ; A,=240; m,=0.015 


7 = ——) ___ _ 3.26 ka 
- 1+ (0.015) (240) 

Example 13.17. An amplifier has a current gain of 200 and output impedance of 3 kQ without 
feedback. If negative current feedback (m, = 0.01) is applied; what is the output impedance of the 
amplifier ? 

Solution. Z our = Loup (1 +m; A;) 

Here Z 3kQ2; A,=200; m,=0.01 
3[1 + (0.01) (200)] = 9 kQ 


Example 13.18. An amplifier has a current gain of 250 and a bandwidth of 400 kHz without 
feedback. If negative current feedback (m, = 0.01) is applied, what is the bandwidth of the ampli- 
fier? 


N 
HI 


Solution. BW’ = BW(1+m, A,) 
Here BW = 400kHz; m,=0.01; A,= 250 
BW’ = 400[1 + (0.01) 250] = 1400 kHz 


13.9 Emitter Follower 


It is a negative current feedback circuit. The 
emitter follower is a current amplifier that has 
no voltage gain. Its most important character- 
istic is that it has high input impedance and 
low output impedance. This makes it an ideal 
circuit for impedance matching. 

Circuit details. Fig. 13.12 shows the cir- 
cuit of an emitter follower. As you can see, it 
differs from the circuitry of a conventional CE 
amplifier by the absence of collector load and 
emitter bypass capacitor. The emitter resis- 
tance R,, itself acts as the load and a.c. output 
voltage (V,,,,) is taken across R,. The biasing 
is generally provided by voltage-divider 
method or by base resistor method. The fol- 
lowing points are worth noting about the emit- 
ter follower : 


Fig. 13.12 
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(i) There is neither collector resistor in the circuit nor there is emitter bypass capacitor. These 
are the two circuit recognition features of the emitter follower. 

(1) Since the collector is at ac ground, this circuit is also known as common collector (CC) 
amplifier. 

Operation. The input voltage is applied between base and emitter and the resulting a.c. emitter 
current produces an output voltage i,R, across the emitter resistance. This voltage opposes the input 
voltage, thus providing negative feedback. Clearly, it is a negative current feedback circuit since the 


voltage fedback is proportional to the emitter current i.e., output current. Itis called emitter follower 
because the output voltage follows the input voltage. 


Characteristics. The major characteristics of the emitter follower are : 

(i) No voltage gain. In fact, the voltage gain of an emitter follower is close to 1. 
(ii) Relatively high current gain and power gain. 
(iii) High input impedance and low output impedance. 


(iv) Input and output ac voltages are in phase. 


13.10 D.C. Analysis of Emitter Follower 


The d.c. analysis of an emitter follower is made in the same way 
as the voltage divider bias circuit of a CE amplifier. Thus refer- 
ring to Fig. 13.12 above, we have, 


V, 
Voltage across R,, V, = CC Hy R, 
R, + R, 
V V, -V 
Emitter current, J, = es a, ee BE 
R; R; 


Collector-emitter voltage, Vor = Voco—Vr 


D.C. Load Line. The d.c. load line of emitter follower can 


be constructed by locating the two end points viz., I¢y,q,, and 
V Fig. 13.13 
CE(off)’ 
(t) When the transistor is saturated, V., = 0. 
I _ Voc 
C(sat) ~ R; 


This locates the point A (OA = V.-/R,,) of the d.c. load line as shown in Fig. 13.13. 


(11) When the transistor is cut off, 1. =0. Therefore, VcE.opf) = Vo. This locates the point B(OB 
= V.-) of the d.c. load line. 


By joining points A and B, d.c. load line AB is constructed. 


Example 13.19. For the emitter follower circuit shown in Fig. 13.14 (i), find V,, and I. Also 
draw the dc load line for this circuit. 


Solution. 
Voltage across R,, V, = Yee xR, = 18 _ 199 = 10.42 V 
vo? R+R, 7) 16 + 22 
Voltage across Rp, V, = V,—Vp, = 10.42-0.7 = 9.72 V 
Emitter current, I, = Ve = 9.72 = 10.68 mA 
R; 910 Q 


Amplifiers with Negative Feedback @ 351 


+ Vcc -18V 
Io (mA) 
19.78 mA A 
bs Voge (VOLTS) 
(i) (ii) 
Fig. 13.14 
V 18 V 
D.C. load line I = —C - = 19.78mA 


C (sat) R, 9102 
This locates the point A (OA = 19.78 mA) of the d.c. load line. 
Veron = Veo = 18V 
This locates point B (OB = 18 V) of the d.c. load line. 
By joining points A and B, d.c. load line AB is constructed [See Fig. 13.14 (ii)]. 


13.11 Voltage Gain of Emitter Follower 


Fig. 13.15 shows the emitter follower circuit. Since the emitter resistor is not bypassed by a capacitor, 
the a.c. equivalent circuit of emitter follower will be as shown in Fig. 13.16. The ac resistance r, of 
the emitter circuit is given by : 

25 mV 


E 


rp = rot+Rz, where r= 


+ Vee 


Fig. 13.15 Fig. 13.16 
In order to find the voltage gain of the emitter follower, let us replace the transistor in Fig. 13.16 
by its equivalent circuit. The circuit then becomes as shown in Fig. 13.17. 


Note that input voltage is applied across the ac resistance of the emitter circuit i.e., (r, + Rp). 
Assuming the emitter diode to be ideal, 
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Output voltage, V,. = i, Ry 


out 
Input voltage, V,, = i,(r,+R,) 
Voltage gain of emitter follower is 


A Voie, = ip Re _ _ Ke 
: Vi i, (r+ R,) r,+R, 
Ry 
or Ax = +R, 


In most practical applications, R, >> r,so that A, ~ 1. 
In practice, the voltage gain of an emitter follower is be- 
tween 0.8 and 0.999. 


Example 13.20. Determine the voltage gain of the emitter 
follower circuit shown in Fig. 13.18. 


Solution. 


Fig. 13.17 
R; 
Voltage gain, A, = 


Now r 


an 


Voltage across R,, V, = 


L 


Fig. 13.18 
Voltage across Rp, Ve = V,—- Vep=5-—0.7=4.3 V 
Vr, 43V 
Emitter current, 7, = =~ == — = 0.86mA 
a R,  53kQ 
r= 25mV _ 25mV _ 19.12 
I, 0.86 mA 
Voltage gain, A, = =o 5000 = 0.994 


r+R, 29.1+ 5000 


Example 13.21. If in the above example, a load of 5 kQ is added to the emitter follower, what 
will be the voltage gain of the circuit ? 


Solution. When a load of 5 kQ is added to the emitter follower, the circuit becomes as shown in 
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Fig. 13.19. The coupling capacitor acts as a short for a.c. signal so that R, and R, are in parallel. 
Therefore, the external emitter resistance R,, changes to R’, where 


+ Voc= 10V 


Fig. 13.19 


RR, = SkQU5kQ = 2.5kQ 


Rr 2500 
Sr = ms = 0.988 
LR, 29.1 + 2500 
Comments. This is the same example as example 13.20 except that load is added. Note the 
loading effect on the voltage gain of an emitter follower. When load is added to the emitter follower, 
the voltage gain drops from 0.994 to 0.988. This is really a small change. On the other hand, when 
a CE amplifier is loaded, there is drastic change in voltage gain. This is yet another difference 


between the emitter follower and CE amplifier. 


RE 


Voltage gain, A, 


13.12 Input Impedance of Emitter Follower 


Fig. 13.20 (i) shows the circuit of a loaded emitter follower. The a.c. equivalent circuit with T model 
is shown in Fig. 13.20 (ii). 


+ Vee 


ull|—o J 


(i) (ii) 
Fig. 13.20 


As for CE amplifier, the input impedance of emitter follower is the combined effect of biasing 
resistors (R, and RK.) and the input impedance of transistor base [Z,, (base)]. Since these resistances 


354 @ Principles of Electronics 
are in parallel to the ac signal, the input impedance Z,, of the emitter follower is given by : 


Z,, = R, lI Rj IZ, 


in in(base) 
where Lin (base) — B a + R*) 
Now r, = aan and R,L=R,\|1R, 
E 


Note. In an emitter follower, impedance of base [i.e., Z,, (base)] is generally very large as compared to 
R, || R,. Consequently, Z,, (base) can be ignored. As a result, approximate input impedance of the emitter 
follower is given by : 
Z,, = R, IIR, 


in 


Example 13.22. For the emitter follower circuit shown in Fig. 13.21, find the input impedance. 


Solution. 
Voc 10 
= xR, = ——xl10 = 
Voltage across R,, V, R+R, ) 10 + 10 5V 
Voltage across R;, V; = V,—-Vpp = 5-0.7 = 4.3 V 
V : 
Emitter current, I, = R. = = = 1mA 
A.C. emitter resistance, rr = 25 mV = 25 mV = 25 Q 
e I, l1mA 


Effective external emitter resistance is 
R, = RR, = 4.3kQ110kQ = 3kQ 
Zin(base) = B(r, +R) = 200 (0.025 + 3) = 605 kQ 
Input impedance of the emitter follower is 
Zn = R, WRNZ,, (base) 
10 kQ I] 10 kQ 11605 kQ 
= 5kQ11605kQ = 4.96 kQ 


Note. Since 605 k@ is much larger than R, || R, (= 5kQ), the former can be ignored. Therefore, approxi- 
mate input impedance of emitter follower is given by : 
Z,, = R, IR, = 10 kQ1110kQ = 5kQ 


in 


13.13 Output Impedance of Emitter Follower 


The output impedance of a circuit is the impedance that the circuit offers to the load. When load is 
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connected to the circuit, the output imped- Ly 
oe: 
ance acts as the source impedance for the 
load. Fig. 13.22 shows the circuit of emitter 
follower. Here R, is the output resistance of 
amplifier voltage source. 


It can be proved that the output imped- 
ance Z,,,, of the emitter follower is given by : 


, R,, 
2g = Relive) og 


, — 
where R,, =R, IIR, IIR, 
In practical circuits, the value of R,, is 
large enough to be ignored. For this reason, = = 


the output impedance of emitter follower is 
approximately given by: 


ut||_—o 


Fig. 13.22 


Example 13.23. Determine the output impedance of the emitter follower shown in Fig. 13.23. 
Given that r? = 20 . 


+ Voc= 8V 


600 Q <R 
Fig. 13.23 
Solution. Zour = tt _ 
Now R. = 


in = RR WR, 
3 kQ || 4.7 kQ || 600 Q = 452 Q 
452 
Z = 20+ — =2 2.3 = 22.3Q 
an 0 500 0+ 2.3 3 
Note that output impedance of the emitter follower is very low. On the other hand, it has high 


input impedance. This property makes the emitter follower a perfect circuit for connecting a low 
impedance load to a high-impedance source. 


13.14 Applications of Emitter Follower 


The emitter follower has the following principal applications : 
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(1) To provide current amplification with no voltage gain. 

(ii) Impedance matching. 

(i) Current amplification without voltage gain. We know that an emitter follower is a cur- 
rent amplifier that has no voltage gain (A, ~ 1). There are many instances (especially in digital 
electronics) where an increase in current is required but no increase in voltage is needed. In such a 
situation, an emitter follower can be used. For example, consider the two stage amplifier circuit as 
shown in Fig. 13.24. Suppose this 2-stage amplifier has the desired voltage gain but current gain of 
this multistage amplifier is insufficient. In that case, we can use an emitter follower to increase the 
current gain without increasing the voltage gain. 


SECOND 
STAGE 


Fig. 13.24 


(ii) Impedance matching. We know that an emitter follower has high input impedance and low 
output impedance. This makes the emitter follower an ideal circuit for impedance matching. Fig. 
13.25 shows the impedance matching by an emitter follower. Here the output impedance of the 
source is 120 kQ while that of load is 20 Q. The emitter follower has an input impedance of 120 kQ 
and output impedance of 22 Q. It is connected between high-impedance source and low impedance 
load. The net result of this arrangement is that maximum power is transferred from the original 
source to the original load. When an emitter follower is used for this purpose, it is called a buffer 
amplifier. 


SOURCE BUFFER LOAD 

OE ee, ee en, eee 1 aman aaa (a Se 1 
| | ' | 
| ' i 
| | C ) 
| I 
| 1 
I I 
| 

Lout ) 
= 120 kO Zin = 120 kQ 20Q ! 
| 

! ! 
I | 
I | 
| @ ; | 
I | ' | 
I i , | 
eee feeder teed ohare eh ees. 


EMITTER FOLLOWER 


Fig. 13.25 


It may be noted that the job of impedance matching can also be accomplished by a transformer. 
However, emitter follower is preferred for this purpose. It is because emitter follower is not only 
more convenient than a transformer but it also has much better frequency response J.e., 1t works well 
over a large frequency range. 


13.15 Darlington Amplifier 


Sometimes, the current gain and input impedance of an emitter follower are insufficient to meet 
the requirement. In order to increase the overall values of circuit current gain (A,) and input imped- 
ance, two transistors are connected in series in emitter follower configuration as shown in Fig. 13.26. 
Such a circuit is called Darlington amplifier. Note that emitter of first transistor is connected to the 
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base of the second transistor and the collector terminals of the two transistors are connected together. 
The result is that emitter current of the first transistor is the base current of the second transistor. 
Therefore, the current gain of the pair is equal to product of individual current gains i.e. 
*B = B, B, 

Note that high current gain is achieved with a minimum use of components. 

The biasing analysis is similar to that for one transistor except that two V,, drops are to be 
considered. Thus referring to Fig. 13.26, 
Voc 


—CC_y R, 
R, +R, 


Voltage across R,, V, = 
Voltage across R,, V, = V,—-2Vp, 
V, — Wor 


Current through R,, [5= = 
E 


Since the transistors are directly coupled, J, = Ip). Now Ip) = I,,/B). 
I 
J... = 2 
El B, 
Input impedance of the darlington amplifier is 
Z,, = BB) Re «-. neglecting r, 


+ Vee 


Fig. 13.26 


In practice, the two transistors are put inside a single transistor housing and three terminals E, B 
and C are brought out as shown in Fig. 13.27. This three terminal device is known as a Darlington 
transistor. The Darlington transistor acts like a single transistor that has high current gain and high 
input impedance. 


Ip, = B, Ip, Ce Ley = Ley) 
Now J, is the base current of Q, i.e. I,, = Ip). 
Now Try = Bs Ip9 = Bs Ze, = Ba By Lp, 


». Overall current sain, 8 = <= B, B, 
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Characteristics. The following are the important characteristics of Darlington amplifier : 

(i) Extremely high input impedance (MQ). 

(ii) Extremely high current gain (several thousands). C (COLLECTOR) 

(iii) Extremely low output impedance (a few Q2). 

Since the characteristics of the Darlington ampli- 
fier are basically the same as those of the emitter fol- 
lower, the two circuits are used for similar applications. 
When you need higher input impedance and current gain 
and/or lower output impedance than the standard emit- 
ter follower can provide, you use a Darlington ampli- 
fier. Darlington transistors are commonly available. Like E (EMITTER) 
standard transistors, they have only three terminals but 
they have much higher values of current gain and input 
impedance. 


B (BASE) 


Fig. 13.27 


Example 13.24. Determine (i) d.c. value of current in R, (ii) input impedance of the Darlington 
amplifier shown in Fig. 13.28. 


Fig. 13.28 


Solution. 
Vec 10V 
= x R, = —————— X120 kQ =5V 
(i) Voltage across R,, V,, R +R, 2 = T90kO + 120kO x 
F V, — 2 Ver 5V -2x0.7V 3.6V 
DOC Cite... = $< | = 1.09 mA 
Er E2 Rr 3.3 kQ 3.3 kQ 
(ii) Input impedance, Z, = 6B, B, R, 


= (70) (70) (3.3 kQ) = 16.17 MQ 
This example illustrates that the input impedance of Darlington amplifier is much higher than 
that of an ordinary transistor. 


Example 13.25. For the Darlington amplifier in Fig. 13.29, find (i) the d.c. levels of both the 
transistors and (ii) a.c. emitter resistances of both transistors. 
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Ve Cc 


Fig. 13.29 


Solution. 
(i) D.C. Bias Levels 


Voc 12V 
= x R, = 4 x10k2 = 
Base voltage of Q,, Vp, R +R, 2 20KQ+10kQ 4vV 
Emitter voltage of Q,, Ve, = Vp, -— Veap=4V —0.7V =3.3V 
Base voltage of Q,, Vz, = Vz, =3.3V 
Emitter voltage of Q,, V,. = Vp — Vp, = 3.3V —0.7V =2.6V 
Vio _ 2.6V 
Emitter current of Q,, I, = R, ~5bOQ = 1.3mA 
1.3mA 
Emitter current of Q,, I, = 3 aa = 0.013 mA 
(ui) A.C. Analysis 
. F 2mV_ 2mV_ 
A.C. emitter resistance of Q,, r,, = iE = 0013mA > 1923Q 
25mV 25mV 
A.C. emitter resistance of Q,, r, = 7 —T3mA = 19.232 
E2 


MULTIPLE-CHOICE QUESTIONS 


2. The value of negative feedback fraction is 
always 


(i) less than 1 
(iii) equal to 1 


1. When negative voltage feedback is applied 
to an amplifier, its voltage gain 


(i) 1S increased (ii) 1s reduced (ii) more than 1 


(iii) remains the same (iv) none of the above 


(iv) none of the above 3. If the output of an amplifier is 10 V and 
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100 mV from the output is fed back to the 
input, then feedback fraction is ....... 

(i) 10 (ii) 0.1 
(iii) 0.01 (iv) 0.15 
4. The gain of an amplifier without feedback 


is 100 db. If a negative feedback of 3 db is 
applied, the gain of the amplifier will be- 


come ........ 
(i) 101.5 db (ii) 300 db 
(iti) 103 db (iv) 97 db 


5. If the feedback fraction of an amplifier is 
0.01, then voltage gain with negative volt- 
age feedback is approximately ....... 


(i) 500 (ii) 100 
(iii) 1000 (iv) 5000 
6. A feedback circuit usually employs .......... 
network. 


(i) resistive (ii) Capacitive 


(iii) inductive (iv) none of the above 
7. The gain of an amplifier with feedback is 
known 4 ........... gain. 

(i) resonant (ii) open loop 
(iii) closed loop (iv) none of the above 
8. When voltage feedback (negative) is applied 

to an amplifier, its input impedance ....... 

(i) 18decreased (ii) 18 increased 
(iii) remains the same 
(iv) none of the above 


9. When current feedback (negative) 1s applied 
to an amplifier, its input impedance ......... 
(i) 18decreased (ii) 18 increased 
(iii) remains the same 
(iv) none of the above 
10. Negative feedback is employed in....... 
(i) oscillators (ii) rectifiers 
(iii) amplifiers (iv) none of the above 
11. Emitter follower is used for ........ 
(i) current gain 
(ii) impedance matching 
(iii) voltage gain (iv) none of the above 
12. The voltage gain of an emitter follower is ... 
(4) much less than 1 
(ii) approximately equal to 1 


(iii) greater than 1 (iv) none of the above 


13. When current feedback (negative) is applied 
to an amplifier, its output impedance ...... 


(i) 1S increased 

(ii) 1s decreased 

(iii) remains the same 

(iv) none of the above 

14. Emitter follower is a............... circuit. 

(i) voltage feedback 

(ii) current feedback 

(iii) both voltage and current feedback 

(iv) none of the above 


15. If voltage feedback (negative) is applied to 
an amplifier, its output impedance ........ 
(i) remains the same 
(ii) iSincreased (iii) 1s decreased 
(iv) none of the above 


16. When negative voltage feedback is applied 
to an amplifier, its bandwidth ........ 
(i) is increased (ii) 1s decreased 
(iii) remains the same 
(iv) insufficient data 
17. Anemitter follower has ..... input impedance. 
(i) zero (ti) low 
(iii) high 
18. If voltage gain without feedback and feed- 
back fraction are A, and m, respectively, then 
gain with negative voltage feedback is ........ 


(iv) none of the above 


; A i 

GC). == sy (ii) _ A, 
1-A,m, 1+ A, m, 

1 I+Am, ; 

(iii) =~ vv (iv) (L+A,m,)A, 
19. The output impedance of an emitter follower 
1S geacnads 
(i) high (ii) very high 


(iii) almost zero (iv) low 

20. The approximate voltage gain of an ampli- 
fier with negative voltage feedback (feed- 
back fraction being m,,) is ......... 


(i) I/m, 
(iii) 


(ii) m, 


(iv) 1-m, 
l+m, 

21. IfA, and A, are the voltage gains of an am- 
plifier without feedback and with negative 


feedback respectively, then feedback frac- 
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tion IS ....... 

Gy: tee, E.G oe dl 
A, A fy A, Ar, 

Gd Al @w L_1 
Ap A, An A, 


22. Inthe expression for voltage gain with nega- 
tive voltage feedback, the term 1+A, m, is 
known 4s ........ 

(ii) feedback factor 


(iii) sacrifice factor (iv) none of the above 


(i) gain factor 


23. If the output impedance of an amplifier is 
Z,,,, without feedback, then with negative 


out 
voltage feedback, its value will be ........... 
Z 


I out 
) 1+ A,m, 


1+ A,m, 


(ii) Z,,,(1 +A, m,) 


(iit) (iv) Z 


out 


(1—A, m,) 
out 
24. If the input impedance of an amplifier is Z, , 
without feedback, then with negative volt- 
age feedback, its value will be ........... 
Z 


jo 7 ee ae 

(i) ees (ii) Z,, ( ,M,) 

Gy HA™ wy z,U-A.m) 
25. Feedback circuit ......... frequency. 


(i) 1s independent of 
(ii) 1s strongly dependent on 
(iii) 
(iv) 
26. The basic purpose of applying negative volt- 
age feedback is to ......... 


is moderately dependent on 
none of the above 


(i) increase voltage gain 

(ii) reduce distortion 
(iii) 
(iv) 
27. If the voltage gain of an amplifier without 


feedback is 20 and with negative voltage 
feedback it is 12, then feedback fraction is 


keep the temperature within limits 
none of the above 


(i) 5/3 (ii) 3/5 
(iii) 1/5 (iv) 0.033 
28. In an emitter follower, we employ ...... nega- 
tive current feedback. 


= 361 
(i) 50% (ii) 25% 
(iti) 100% (iv) 75% 
29. An amplifier has an open loop voltage gain 
of 1,00,000. With negative voltage feed- 


back, the voltage gain is reduced to 100. 
What is the sacrifice factor ? 


(i) 1000 (ii) 100 
(tit) 5000 (iv) none of the above 


30. In the above question, what will happen to 
circuit performance ? 
(i) distortion is increased 1000 times 
(ii) input impedance is increased 1000 times 
(iii) Output impedance is increased 1000 
times 


(iv) none of the above 

31. The non-linear distortion of an amplifier is 
D without feedback. The amplifier has an 
open-loop voltage gain of A, and feedback 
fraction is m,. With negative voltage feed- 


back, the non-linear distortion will be ....... 
(ij) DU+A,m,) (ii) D(L-A,m,) 
i Leh, he a 
(iii) a (iv) Ty Am, 
32. The output and input voltages of an emitter 
follower have a phase difference of ....... 


(i) 180° (ii) 90° 
(iti) O° (iv) 270° 
33. Itis most necessary to control signal-to-noise 
ratio at........ 


(i) initial stage (ii) driver stage 


(iii) Outputstage (iv) detector stage 


34. In order to obtain good gain stability in a 
negative voltage feedback amplifier (A, = 
voltage gain without feedback ; m, = feed- 
back fraction), ............. 

(i) A,m,=1 (ii) A,m, >> 1 
(iii) A,m, <1 
35. Emitter follower is also known as ......... 


(iv) none of the above 


(i) grounded emitter circuit 
(ii) grounded base circuit 
(iii) grounded collector circuit 
(iv) none of the above 
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Answers to Multiple-Choice Questions 


. . (iii) 4. (iv) 
. (iii) . (ii) . (i) 

. (ii) . (i) 14. (ii) 
. (iii) . BB 19. (iv) 
. (iii) . (i) . (ii) 
. (iv) . (iii) . (i) 

. (iii) 5 . (ii) 


Chapter Review Topics 


What do you understand by feedback ? Why is negative feedback applied in high gain amplifiers ? 
Discuss the principles of negative voltage feedback in amplifiers with a neat diagram. 

Derive an expression for the gain of negative voltage feedback amplifier. 

What is a feedback circuit ? Explain how it provides feedback in amplifiers. 

Describe the action of emitter follower with a neat diagram. 

Derive the expressions for (i) voltage gain (ii) input impedance and (iii) output impedance of an 
emitter follower. 


Problems 
An amplifier has a gain of 2 x 10° without feedback. Determine the gain if negative voltage feedback 
is applied. Take feedback fraction m, = 0.02. [50] 


. An amplifier has a gain of 10,000 without feedback. With negative voltage feedback, the gain is 


reduced to 50. Find the feedback fraction. [m,, = 0.02] 


A feedback amplifier has an internal gain A, = 40db and feedback fraction m, = 0.05. If the input 
impedance of this circuit is 12 kQ, what would have been the input impedance if feedback were not 
present ? [2kQ] 


. Calculate the gain of a negative voltage feedback amplifier with an internal gain A, = 75 and feedback 


fraction m, = 1/15. What will be the gain if A, doubles ? [12.5 ; 13.64] 


. An amplifier with negative feedback has a voltage gain of 100. It is found that without feedback, an 


input signal of 50 mV is required to produce a given output, whereas with feedback, the input signal 
must be 0.6 V for the same output. Calculate (7) gain without feedback (ii) feedback fraction. 


[(i) 1200 (ii) 0.009] 


Fig. 13.31 


6. Fig. 13.30 shows the negative feedback amplifier. If the gain of the amplifier without feedback is 10° 


and R, = 100 2, R, = 100 kQ, find (i) feedback fraction (ii) gain with feedback. 
[(i) 0.001 (ii) 1000] 


10. 
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. InFig. 13.31, if input and output impedances without feedback are 2 MQ and 500 Q respectively, find 


their values after negative voltage feedback. [302MQ; 1.602] 


An amplifier has a current gain of 240 without feedback. When negative current feedback is applied, 
determine the effective current gain of the amplifier. Given that current attenuation m, = 0.015. 


[52.7] 


. Anamplifier has an open-loop gain and input impedance of 200 and 15 kQ respectively. If negative 


current feedback is applied, what is the effective input impedance of the amplifier? Given that current 
attenuation m, = 0.012. [4.41 kQ] 


An amplifier has A, = 200 and m, = 0.012. The open-loop output impedance of the amplifier is 2kQ. If 
negative current feedback is applied, what is the effective output impedance of the amplifier ? 


[6.8 kQ] 


Discussion Questions 


. Why is negative voltage feedback employed in high gain amplifiers ? 

. How does negative voltage feedback increase bandwidth of an amplifier ? 
. Feedback for more than three stages is seldom employed. Explain why ? 

. Why is emitter follower preferred to transformer for impedance matching ? 
. Where is emitter follower employed practically and why ? 


. What are the practical applications of emitter follower ? 
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INTRODUCTION 


any electronic devices require a source of en- 
Me at a specific frequency which may range 

from a few Hz to several MHz. This is 
achieved by an electronic device called an oscillator. 
Oscillators are extensively used in electronic equipment. 
For example, in radio and television receivers, oscillators 
are used to generate high frequency wave (called carrier 
wave) in the tuning stages. Audio frequency and radio- 
frequency signals are required for the repair of radio, 
television and other electronic equipment. Oscillators 
are also widely used in radar, electronic computers and 
other electronic devices. 


Oscillators can produce sinusoidal or non-sinusoidal 
(e.g. square wave) waves. In this chapter, we shall 
confine our attention to sinusoidal oscillators i.e. those 
which produce sine-wave signals. 
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14.1 Sinusoidal Oscillator 


An electronic device that generates sinusoidal oscillations of desired frequency is known as a *sinu- 
soidal oscillator. 

Although we speak of an oscillator as “generating” a frequency, it should be noted that it does not 
create energy, but merely acts as an energy converter. It receives d.c. energy and changes it into a.c. 
energy of desired frequency. The frequency of oscillations depends upon the constants of the device. 


It may be mentioned here that although an alternator produces sinusoidal oscillations of 50Hz, it 
cannot be called an oscillator. Firstly, an alternator is a mechanical device having rotating parts 
whereas an oscillator is a non-rotating electronic device. Secondly, an alternator converts mechan1- 
cal energy into a.c. energy while an oscillator converts d.c. energy into a.c. energy. Thirdly, an 
alternator cannot produce high frequency oscillations whereas an oscillator can produce oscillations 
ranging from a few Hz to several MHz. 


Advantages 


Although oscillations can be produced by mechanical devices (e.g. alternators), but electronic 
oscillators have the following advantages : 


(i) An oscillator is a non-rotating device. Consequently, there is little wear and tear and hence 
longer life. 


(ii) Due to the absence of moving parts, the operation of an oscillator is quite silent. 

(ii) An oscillator can produce waves from small (20 Hz) to extremely high frequencies (> 100 
MHz). 

(iv) The frequency of oscillations can be easily changed when desired. 


(vy) It has good frequency stability i.e. frequency once set remains constant for a considerable 
period of time. 


(vi) It has very high efficiency. 
14.2 Types of Sinusoidal Oscillations 


Sinusoidal electrical oscillations can be of two types viz damped oscillations and undamped oscillations. 


(1) Damped oscillations. 

The electrical oscilla- ¢ ori e ori 
tions whose amplitude 
goes on decreasing 
with time are called 
damped oscillations. 
Fig. 14.1 (i) shows 
waveform of damped 
electrical oscillations. 
Obviously, the electri- 
cal system in which 
these oscillations are 
generated has losses 
and some energy 1s Fig. 14.1 

lost during each oscil- 

lation. Further, no means are provided to compensate for the losses and consequently the 
amplitude of the generated wave decreases gradually. It may be noted that frequency of 
oscillations remains unchanged since 1t depends upon the constants of the electrical system. 


(71) 


* Note that oscillations are produced without any external signal source. The only input power to an 
oscillator is the d.c. power supply. 
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(ii) Undamped oscillations. The electrical oscillations whose amplitude remains constant with 
time are called undamped oscillations. Fig. 14.1 (ii) shows waveform of undamped electrical oscil- 
lations. Although the electrical system in which these oscillations are being generated has also losses, 
but now right amount of energy is being supplied to overcome the losses. Consequently, the ampli- 
tude of the generated wave remains constant. It should be emphasised that an oscillator is required to 
produce undamped electrical oscillations for utilising in various electronics equipment. 


14.3 Oscillatory Circuit 


A circuit which produces electrical oscillations of any desired frequency is known as an oscillatory 
circuit or tank circuit. 


A simple oscillatory circuit consists of a capacitor (C) and inductance coil (L) in parallel as 
shown in Fig. 14.2. This electrical system can produce electrical oscillations of frequency deter- 
mined by the values of L and C. To understand how this comes about, suppose the capacitor 1s 
charged from a d.c. source with a polarity as shown in Fig. 14.2 (i). 

(i) Inthe position shown in Fig. 14.2 (i), the upper plate of capacitor has deficit of electrons and 
the lower plate has excess of electrons. Therefore, there 1s a voltage across the capacitor and the 
capacitor has electrostatic energy. 


(i) (ii) (iii) (iv) 
Fig. 14.2 


(iit) When switch S is closed as shown in Fig. 14.2 (ii) , the capacitor will discharge through 
inductance and the electron flow will be in the direction indicated by the arrow. This current flow sets 
up magnetic field around the coil. Due to the inductive effect, the current builds up slowly towards a 
maximum value. The circuit current will be maximum when the capacitor is fully discharged. At this 
instant, electrostatic energy 1s zero but because electron motion is greatest (i.e. maximum current), 
the magnetic field energy around the coilis maximum. This is shown in Fig. 14.2 (ii). Obviously, the 
electrostatic energy across the capacitor 1s completely converted into magnetic field energy around 
the coil. 


(iii) Once the capacitor is discharged, the magnetic field will begin to collapse and produce a 
counter e.m.f. According to Lenz's law, the counter e.m.f. will keep the current flowing in the same 
direction. The result is that the capacitor is now charged with opposite polarity, making upper plate 
of capacitor negative and lower plate positive as shown in Fig. 14.2 (iii). 


(iv) After the collapsing field has recharged the capacitor, the capacitor now begins to discharge; 
current now flowing in the opposite direction. Fig. 14.2 (iv) shows capacitor fully discharged and 
maximum current flowing. 


The sequence of charge and discharge results in alternating motion of electrons or an oscillating 
current. The energy 1s alternately stored in the electric field of the capacitor (C) and the magnetic 
field of the inductance coil (L). This interchange of energy between L and C is repeated over and 
again resulting in the production of oscillations. 
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Waveform. If there were no losses in the tank circuit 
to consume the energy, the interchange of energy between L 
and C would continue indefinitely. In a practical tank cir- 
cuit, there are resistive and radiation losses in the coil and 
dielectric losses in the capacitor. During each cycle, a small 
part of the originally imparted energy is used up to over- 
come these losses. The result is that the amplitude of oscil- 
lating current decreases gradually and eventually it becomes 
zero when all the energy is consumed as losses. Therefore, 
the tank circuit by itself will produce damped oscillations as 
shown in Fig. 14.3. 


Frequency of oscillations. The frequency of oscilla- 
tions in the tank circuit is determined by the constants of the Fig. 14.3 
circuit viz Land C. The actual frequency of oscillations 1s 
the resonant frequency (or natural frequency) of the tank circuit given by : 

l 


Ir = an VLC 


It is clear that frequency of oscillations in the tank circuit is inversely proportional to L and C. 
This can be easily explained. If a large value of capacitor is used, it will take longer for the capacitor 
to charge fully and also longer to discharge. This will lengthen the period of oscillations in the tank 
circuit, or equivalently lower its frequency. With a large value of inductance, the opposition to change 
in current flow is greater and hence the time required to complete each cycle will be longer. There- 
fore, the greater the value of inductance, the longer is the period or the lower is the frequency of 
oscillations in the tank circuit. 


14.4. Undamped Oscillations from Tank Circuit 


As discussed before, a tank circuit produces damped oscillations. However, in practice, we need 
continuous undamped oscillations for the successful operation of electronics equipment. In order to 
make the oscillations in the tank circuit undamped, it 1s 
necessary to supply correct amount of energy to the tank 
circuit at the proper time intervals to meet the losses. Thus 
referring back to Fig. 14.2, any energy which would be 
applied to the circuit must have a polarity conforming to 
the existing polarity at the instant of application of energy. 
If the applied energy 1s of opposite polarity, it would op- 
pose the energy in the tank circuit, causing stoppage of 
oscillations. Therefore, in order to make the oscillations 
in the tank circuit undamped, the following conditions must 
be fulfilled : 


(i) The amount of energy supplied should be such Fig. 14.4 
so as to meet the losses in the tank circuit and the 
a.c. energy removed from the circuit by the load. For instance, if losses in LC circuit amount 
to 5mW and ac. output being taken is 100 mW, then power of 105 mW should be continu- 
ously supplied to the circuit. 


l 


(ii) The applied energy should have the same frequency as that of the oscillations in the tank 
circuit. 

(iii) The applied energy should be in phase with the oscillations set up in the tank circuit i.e. it 
should aid the tank circuit oscillations. 
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If these conditions are fulfilled, the circuit will produce continuous undamped output as shown in 
Fig. 14.4. 


14.5. Positive Feedback Amplifier — Oscillator 


A transistor amplifier with proper positive feedback can act as an oscillator i.e., it can generate 
oscillations without any external signal source. Fig. 14.5 shows a transistor amplifier with positive 


Ss 180° 
V. 
nla : AMPLIFIER 3 ws lou 


FEEDBACK 
NETWORK 


180° 


Ve bd, . 


Fig. 14.5 


feedback. Remember that a positive feedback amplifier 1s one that pro- 
duces a feedback voltage (V; ) that is in phase with the original input 
signal. As you can see, this condition is met in the circuit shown in Fig. 
14.5. A phase shift of 180° is produced by the amplifier and a further 
phase shift of 180° 1s introduced by feedback network. Consequently, 
the signal 1s shifted by 360° and fed to the input i.e., feedback voltage 1s 
in phase with the input signal. 


(i) We note that the circuit shown in Fig. 14.5 1s producing oscil- 
lations in the output. However, this circuit has an input signal. This is 
inconsistent with our definition of an oscillator i.e., an oscillator 1s a Positive Feedback 
circuit that produces oscillations without any external signal source. Amplifier 


FEEDBACK 
NETWORK 


Fig. 14.6 


(ii) When we open the switch S of Fig. 14.5, we get the circuit shown 1n Fig. 14.6. This means 
the input signal (V,_) is removed. However, V,(which 1s in phase with the original signal) is still applied 
to the input signal. The amplifier will respond to this signal in the same way that it did to V,, i.e., Ve 
will be amplified and sent to the output. The feedback network sends a portion of the output back to 
the input. Therefore, the amplifier receives another input cycle and another output cycle is produced. 
This process will continue so long as the amplifier is turned on. Therefore, the amplifer will produce 
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sinusoidal output with no external signal source. The following points may be noted carefully : 
(a) A transistor amplifer with proper positive feedback will work as an oscillator. 


(b) The circuit needs only a quick trigger signal to start the oscillations. Once the oscillations 
have started, no external signal source 1s needed. 


(c) In order to get continuous undamped output from the circuit, the following condition must 


be met : 
mA, = 1 
where A, = voltage gain of amplifer without feedback 
m, = feedback fraction 


Vy 


This relation is called Barkhausen criterion. This condition will be explained in the Art. 14.7. 


14.6 Essentials of Transistor Oscillator 


Fig. 14.7 shows the block diagram of an oscillator. Its essential components are : 

(i) Tank circuit. It consists of inductance coil (L) connected in parallel with capacitor (C). The 
frequency of oscillations in the circuit depends upon the values of inductance of the coil and capaci- 
tance of the capacitor. 

(ii) Transistor amplifier. The transistor amplifier receives d.c. power from the battery and 
changes it into a.c. power for supplying to the tank circuit. The oscillations occurring in the tank 
circuit are applied to the input of the transistor amplifier. Because of the amplifying properties of the 
transistor, we get increased output of these oscillations. 


TRANSISTOR 
AMPLIFIER 


FEEDBACK 
CIRCUIT 


Fig. 14.7 


This amplified output of oscillations 1s due to the d.c. power supplied by the battery. The output 
of the transistor can be supplied to the tank circuit to meet the losses. 


(iii) Feedback circuit. The feedback circuit supplies a part of collector energy to the tank cir- 
cuit in correct phase to aid the oscillations i.e. 1t provides positive feedback. 


14.7 Explanation of Barkhausen Criterion 
Barkhausen criterion is that in order to produce continuous undamped oscillations at the output of an 
amplifier, the positive feedback should be such that : 
m,A, = | 
Once this condition is set in the positive feedback amplifier, continuous undamped oscillations 
can be obtained at the output immediately after connecting the necessary power supplies. 
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(i) Mathematical explanation. The voltage gain of a positive feedback amplifier 1s given by; 
= A, 
Ag = TT m, A. 
Ifm,A, = 1, then Ay > o. 

We know that we cannot achieve infinite gain in an amplifier. So what does this result infer in 
physical terms? It means that a vanishing small input voltage would give rise to finite (i.e., a definite 
amount of) output voltage even when the input signal is zero. Thus once the circuit receives the input 
trigger, it would become an oscillator, generating oscillations with no external signal source. 

(ii) Graphical Explanation. Let us discuss the condition m, A, = lgraphically. Suppose the 
voltage gain of the amplifier without positive feedback is 100. In order to produce continuous 


ee 


AMPLIFIER 


FEEDBACK 
NETWORK 


Fig. 14.8 


undamped oscillations, m, A, = 1 orm, x 100=1 orm,=0.01. This is illustrated in Fig. 14.8. Since 
the condition m,A, = 1 1s met in the circuit shown in Fig. 14.8, it will produce sustained oscillations. 

Suppose the initial triggering voltage is 0.1 V peak. Starting with this value, circuit (A, = 100 ; 
m,, = 0.01) will progress as follows. 


Cycle V Ve Ve 
1. 0.1 Vpk 10Vpk 0.1 Vpk 
2. 0.1 Vpk 10Vpk 0.1 Vpk 


The same thing will repeat for 3rd, 4th cycles and so on. Note that during each cycle, V,= 
0.1 Vpk and V,,,= 10 Vpk. Clearly, the oscillator 1s producing continuous undamped oscillations. 

Note. The relation m, A, = 1 holds good for true ideal circuits. However, practical circuits need an m, A, 
product that is slightly greater than 1. This is to compensate for power loss (e.g., in resistors) in the circuit. 


14.8 Different Types of Transistor Oscillators 


A transistor can work as an oscillator to produce continuous undamped oscillations of any desired 
frequency if tank and feedback circuits are properly connected to it. All oscillators under different 
names have similar function i.e., they produce continuous undamped output. However, the major 
difference between these oscillators lies in the method by which energy is supplied to the tank circuit 
to meet the losses. The following are the transistor oscillators commonly used at various places in 
electronic circuits : 


(4) Tuned collector oscillator (ii) Colpitt’s oscillator 
(iii) Hartley oscillator (iv) Phase shift oscillator 
(v) Wien Bridge oscillator (vi) Crystal oscillator 
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14.9 Tuned Collector Oscillator 


Fig.14.9 shows the circuit of tuned collector oscillator. It contains tuned circuit L,-C;, in the collector 
and hence the name. The frequency of oscillations depends upon the values of L, and C, and 1s given 
by : 

l 


arg ar = mO 


The feedback coil L, in the base circuit is magnetically coupled to the tank circuit coil L,. In 
practice, L, and L, form the primary and secondary of the transformer respectively. The biasing is 
provided by potential divider arrangement. The capacitor C connected in the base circuit provides 
low reactance path to the oscillations. 


—— CC 


Fig. 14.9 


Circuit operation. When switch S is closed, collector current starts increasing and charges the 
capacitor C,. When this capacitor is fully charged, it discharges through coil L,, setting up oscilla- 
tions of frequency determined by exp. (i). These oscillations induce some voltage in coil L, by 
mutual induction. The frequency of voltage in coil L, is the same as that of tank circuit but its 
magnitude depends upon the number of turns of L, and coupling between L, and L,. The voltage 
across L, is applied between base and emitter and appears in the amplified form in the collector 
circuit, thus overcoming the losses occurring in the tank circuit. The number of turns of L, and 
coupling between L, and L, are so adjusted that oscillations across L, are amplified to a level just 
sufficient to supply losses to the tank circuit. 

It may be noted that the phase of feedback is correct i.e. energy supplied to the tank circuit is in 
phase with the generated oscillations. A phase shift of 180° 1s created between the voltages of L, and 
L, due to transformer ‘action. A further phase shift of 180° takes place between base-emitter and 
collector circuit due to transistor properties. As a result, the energy fedback to the tank circuit is in 
phase with the generated oscillations. 


Example 14.1. The tuned collector oscillator circuit used in the local oscillator of a radio 


* All transformers introduce a phase shift of 180° between primary and secondary. 
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receiver makes use of an LC tuned circuit with L, = 58.6 UH and C, = 300 pF. Calculate the 
= 58.6uH = 586x10°H 


frequency of oscillations. 
Solution. L, 
C, = 300pF = 300x 10°F 
ane l 
Frequency of oscillations, f = —————= 
quency f an JL, C, 
Hz 


20 58.6 x10 x 300 x 107?” 


1199 x 10° Hz = 1199 kHz 


Example 14.2. Find the capacitance of the capacitor required to build an LC oscillator that 
uses an inductance of L, = 1 mH to produce a sine wave of frequency 1 GHz (1 GHz=1x 1 0"? Hz). 


Solution. 
Frequency of oscillations is given by ; 
l 
a a 
T LC, 
a 
L, (Qn fy’ (1x10*) (Qn x1x10%*)’ 


C, 
= 2.53 x 10 °F =2-53x 10°" pF 


Or 


The LC circuit is often called tuned circuit or tank circuit. 


14.10 Colpitt’s Oscillator 

Fig. 14.10 shows a Colpitt's oscillator. It uses two capacitors and placed across a common inductor 

L and the centre of the two capacitors is tapped. The tank circuit is made up of C,, C, and L. The 
....(i) 


frequency of oscillations is determined by the values of C,, C, and L and 1s given by ; 
l 


where 


S ¢ 


out 


es 


ul 
ee) 
bs 
aS 
il} 
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*Note that C, — C, — Lis also the feedback circuit that produces a phase shift of 180°. 


Circuit operation. When the circuit is turned on, the capaci- 
tors C, and C, are charged. The capacitors discharge through L, + = 
setting up oscillations of frequency determined by exp.** (i). The i 
output voltage of the amplifier appears across C, and feedback volt- py 
age 1s developed across C,. The voltage across it is 180° out of 1 
phase with the voltage developed across C, (V,,,,) as shown in Fig. | 
14.11. Itis easy to see that voltage fedback (voltage across C, ) to FEEDBACK CIRCUI 
the transistor provides positive feedback. A phase shift of 180° 1s 
produced by the transistor and a further phase shift of 180° is pro- 


duced by C, — C, voltage divider. In this way, feedback is properly phased to produce continuous 
undamped oscillation. 


Fig. 14.11 


Feedback fraction m,. The amount of feedback voltage in Colpitt’s oscillator depends upon 
feedback fraction m, of the circuit. For this circuit, 


Ve _ xX. _ Ge 
C, 


Feedback fraction, m, 
or m, = 


Example 14.3. Determine the (i) operating frequency and (ii) feedback fraction for Colpitt's 
oscillator shown in Fig. 14.12. 


Solution. 


(i) Operating Frequency. The operating frequency of the circuit is always equal to the reso- 
nant frequency of the feedback network. As noted previously, the capacitors C, and C, are in series. 


CC, _ 0,001x0.01 


“r~ €xC, ~ 00014001 — 9.09 x 10 HE 
= 909x 10°" F 
L = 15yuH = 15x10°H 
Operating frequency, f = on 
2n {LC 
a Hz 


2n 15x10 x 909 x 10°” 


= 1361 x 10° Hz = 1361 kHz 
(ii) Feedback fraction 


The RF choke decouples any ac signal on the power lines from affecting the output signal. 
Referring to Fig. 14.11, itis clear that C, and C, are in series. Therefore, total capacitance C,1s given by; 
Cec 
C= i™? 
C+ Ce 


** Referring to Fig. 14.11, the circulating current for the two capacitors is the same. Futher, capacitive 
reactance 1s inversely proportional to capacitance. 
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-- Vec 


> RF CHOKE 


G 


Rr 


— 


0.001 pF 


0.01 uF 


Fig. 14.12 


S ¢ 


out 


ut] ———o 


15 wH 


Example 14.4. A J mH inductor is available. Choose the capacitor values in a Colpitts oscilla- 


tor so that f = 1 MHz and m, = 0.25. 


Solution. 
, C, 
Feedback fraction, n= — 
a} C, 
_G 
or 0.25 = C, ; C, AC, 
Now ie a 
2n LC; 
= | 17 
er a yoo oe, 7 25. 3x10 FF 
LQnfy’ (1x10°) (Qn x1x 10°) 
= 25.3 pF 
CC, CC 
= Ce 
or C+C, 25.3 pF a aan 2 
C, 
ad ieee aos 
C, 
<2 = 253 . C)= 25.3% 5= 126.5 pF 
or lad = a oF a Sp 
and C, = C,/4= 126.5/4 = 31.6 pF 


14.11 Hartley Oscillator 


The Hartley oscillator is similar to Colpitt’s oscillator with minor modifications. Instead of using 
tapped capacitors, two inductors L, and L, are placed across a common capacitor C and the centre of 
the inductors is tapped as shown in Fig. 14.13. The tank circuit is made up of L,, L, and C. The 
frequency of oscillations is determined by the values of L,, L, and C and is given by : 


_ | 
f 27 4 ICL, 
where L, = L,+L,+2M 
Here M = mutual inductance between L, and L, 


Note that L, — L, — Cis also the feedback network that produces a phase shift of 180°. 


i) 
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Fig. 14.13 


Circuit operation. When the circuit 1s turned on, the capacitor 
is charged. When this capacitor is fully charged, it discharges through 4c 
coils L, and L, setting up oscillations of frequency determined by 
*exp. (i). The output voltage of the amplifier appears across L, and 
feedback voltage across L,. The voltage across L, is 180° out of 
phase with the voltage developed across L, (V,,,,) as shown in Fig. 
14.14. Itis easy to see that voltage fedback (i.e., voltage across L,) to 
the transistor provides positive feedback. A phase shift of 180° is 
produced by the transistor and a further phase shift of 180° is pro- Fig. 14.14 
duced by L, — L, voltage divider. In this way, feedback is properly 
phased to produce continuous undamped oscillations. 

Feedback fraction m,. In Hartley oscillator, the feedback voltage is across L, and output volt- 
age 1s across L,. 


Ve 
Z “| 


FEEDBACK CIRCUIT 


Feedback fraction, m, 


Or mm, — 


Example 14.5. Calculate the (i) operating frequency and (ii) feedback fraction for Hartley 
oscillator shown in Fig. 14.15. The mutual inductance between the coils, M = 20 UH. 


Solution. 
(i) L, 1000uvWH; L,=100uWH; M = 20uH 
Total inductance,L, = L,+L,+2M 
1000 + 100+ 2x 20 = 1140uH = 1140x 10 °H 
20 pF = 20x10" F 


Capacitance, C 


* Referring to Fig. 14.14, it is clear that L, and L, are in series. Therefore, total inductance L,. is given by : 
L,=L,+L,+2M 

** Referring to Fig. 14.14, the circulating current for the two inductors is the same. Further, inductive reac- 
tance 1s directly proportional to inductance. 
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Operating frequency, f = 


(11) Feedback fraction, m, = 


+ Vee 


©) RF CHOKE 


Fig. 14.15 


a Hz 
2n [LC 2n 1140 x 107° x 20 x 107” 


1052 x 10° Hz = 1052 kHz 
L, 100 wH 


L, 1000 uH 


Example 14.6. A / pF capacitor is available. Choose the inductor values in a Hartley oscillator 


so that f = 1 MHz and m, = 0.2. 


Solution. 


Feedback fraction, m, 


or 0.2 
Now f 
or Ly 
or L,+L, 
or SL, + L, 
and L, 


Alea) aaoela sy 


l 
Qn JL,C 

1 | l 
C(2nf)?> (x107!*) @nx1x 10° 
25.3 x 10° H=25.3 mH 
25.3 mH (+ Lp=L,+L,) 
25.3 “. L,=25.3/6 = 4.22 mH 
5 L,=5 x 4.22 = 21.1 mH 


14.12 Principle of Phase Shift Oscillators 


One desirable feature of an oscillator is that it should feed back energy of correct phase to the tank 
circuit to overcome the losses occurring in it. In the oscillator circuits discussed so far, the tank 
circuit employed inductive (L) and capacitive (C) elements. In such circuits, a phase shift of 180° was 
obtained due to inductive or capacitive coupling and a further phase shift of 180° was obtained due to 
transistor properties. In this way, energy supplied to the tank circuit was in phase with the generated 
oscillations. The oscillator circuits employing L-C elements have two general drawbacks. Firstly, 
they suffer from frequency instability and poor waveform. Secondly, they cannot be used for very 
low frequencies because they become too much bulky and expensive. 
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Good frequency stability and waveform can be obtained from oscillators employing resistive 
and capacitive elements. Such amplifiers are called R-C or phase shift oscillators and have the 
additional advantage that they can be used for very low frequencies. In a phase shift oscillator, a 
phase shift of 180° is obtained with a phase shift circuit instead of inductive or capacitive coupling. A 
further phase shift of 180° 1s introduced due to the transistor properties. Thus, energy supplied back 
to the tank circuit is assured of correct phase. 

Phase shift circuit. A phase-shift circuit essentially consists of an R-C network. Fig. 14.16 (i) 
shows a single section of RC network. From the elementary theory of electrical engineering, it can be 
shown that alternating voltage V; across R leads the applied voltage V, by °. The value of ¢ depends 
upon the values of R and C. If resistance R is varied, the value of } also changes. If R were reduced 
to zero, V, will lead V, by 90° i.e. 6 = 90°. However, adjusting R to zero would be impracticable 
because it would lead to no voltage across R. Therefore, in practice, R is varied to such a value that 
makes V;, to lead V, by 60°. 


(i) (ii) 
Fig. 14.16 


Fig. 14.16 (ii) shows the three sections of RC network. Each section produces a phase shift of 
60°. Consequently, a total phase shift of 180° 1s produced i.e. voltage V, leads the voltage V, by 180°. 


14.13 Phase Shift Oscillator 


Fig.14.17 shows the circuit of a phase shift oscillator. It consists of a conventional single transistor 
amplifier and a RC phase shift network. The phase shift network consists of three sections R,C,, R,C, 
and R,C,. At some particular frequency f,, the phase shift in each RC section is 60° so that the total 
phase-shift produced by the RC network is 180°. The frequency of oscillations is given by : 


aa Vee 


OUTPUT 


Fig. 14.17 
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ge 
i= on RC V6 ...{Z) 


where Ki = Ro = Ry SR 
C= Cy = C.-C 


Circuit operation. When the circuit is switched on, it produces oscillations of frequency deter- 
mined by exp. (i). The output FE, of the amplifier is fed back to RC feedback network. This network 
produces a phase shift of 180° and a voltage E, appears at its output which 1s applied to the transistor 
amplifier. 

Obviously, the feedback fraction m= E,/E,. The feedback phase 1s correct. A phase shift of 180° 
is produced by the transistor amplifier. A further phase shift of 180° 1s produced by the RC network. 
As aresult, the phase shift around the entire loop 1s 360°. 


Advantages 
(i) It does not require transformers or inductors. 
(ii) It can be used to produce very low frequencies. 
(iii) The circuit provides good frequency stability. 
Disadvantages 
(i) Itis difficult for the circuit to start oscillations as the feedback is generally small. 
(ii) The circuit gives small output. 


Example 14.7. In the phase shift oscillator shown in Fig. 14.17, R, = R, = R; = IMQandC, 
= C, = C; = 68 pF. At what frequency does the circuit oscillate ? 


Solution. 


R, = R, = R, = R = 1MQ = 10°Q 
C, = C,= C, = C = 68pF = 68x10" F 
Frequency of oscillations 1s 
1 
2n RC V6 
1 
2n x 10° x 68x10” 6 an 
= 954 Hz 


Example 14.8. A phase shift oscillator uses 5 pF capacitors. Find the value of R to produce a 
frequency of 800 kHz. 


fo 


Solution. 
l 
fo = on RCV 
or R = L L 


2n f,CV6 2m x800x10°x 5x10? x V6 
16.2 x 10° Q= 16.2 kQ 


14.14 Wien Bridge Oscillator 


The Wien-bridge oscillator is the standard oscillator circuit for all frequencies in the range of 
10 Hz to about 1 MHz. It is the most frequently used type of audio oscillator as the output is free from 
circuit fluctuations and ambient temperature. Fig. 14.18 shows the circuit of Wien bridge oscillator. 
It is essentially a two-stage amplifier with R-C bridge circuit. The bridge circuit has the arms R,C,, 
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R,, R,C, and tungsten lamp L,. Resistances R, and L, are used to stabilise the amplitude of the 
output. The transistor 7, serves as an oscillator and amplifier while the other transistor T,, serves as 
an inverter (i.e. to produce a phase shift of 180°). The circuit uses positive and negative feedbacks. 
The positive feedback is through R,C,, C,R, to the transistor T,. The negative feedback is through 
the voltage divider to the input of transistor T,. The frequency of oscillations is determined by the 
series element R,C, and parallel element R,C, of the bridge. 


f= 
On ROC, RC, 
If R, = R,=R 
and C, = C,=C , then, 


| 
27 RC 


f <@ r, y 


Fig. 14.18 


When the circuit is started, bridge circuit produces oscillations of frequency determined by exp. 
(i). The two transistors produce a total phase shift of 360° so that proper positive feedback is ensured. 
The negative feedback in the circuit ensures constant output. This is achieved by the temperature 
sensitive tungsten lamp L,,. Its resistance increases with current. Should the amplitude of output tend 
to increase, more current would provide more negative feedback. The result is that the output would 
return to original value. A reverse action would take place if the output tends to decrease. 
Advantages 
(i) It gives constant output. 
(ii) The circuit works quite easily. 
(iii) The overall gain is high because of two transistors. 
(iv) The frequency of oscillations can be easily changed by using a potentiometer. 
Disadvantages 
(i) The circuit requires two transistors and a large number of components. 
(ii) It cannot generate very high frequencies. 
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Example 14.9. In the Wien bridge oscillator shown in Fig. 14.18, R, = R, = 220 kQ and 
C, = C, = 250 pF. Determine the frequency of oscillations. 


Solution. 
R, = R, = R = 220kQ = 220x 10° Q 
C, = C, = C = 250pF = 250x10°"F 
oes 1 
F f oscillat = 
requency of oscillations, f om RC 
l 
7 3 =z Hz 
2n x 220 x 10° x 250 x 10 

= 2892 Hz 


14.15 Limitations of LC and RC Oscillators 


The LC and RC oscillators discussed so far have their own limitations. The major problem in such 
circuits is that their operating frequency does not remain strictly constant. There are two principal 
reasons for it viz., 
(i) Asthe circuit operates, it will warm up. Consequently, the values of resistors and inductors, 
which are the frequency determining factors in these circuits, will change with temperature. 
This causes the change in frequency of the oscillator. 
(ii) Ifany component in the feedback network 1s changed, it will shift the operating frequency of 
the oscillator. 


However, in many applications, it is desirable and necessary to maintain the frequency constant 
with extreme low tolerances. For example, the frequency tolerance for a broadcasting station should 
not exceed 0.002% i.e. change in frequency due to any reason should not be more than 0.002% of the 
specified frequency. The broadcasting stations have frequencies which are quite close to each other. 
In fact, the frequency difference between two broadcasting 
stations is less than 1%. It is apparent that if we employ LC 


or RC circuits, a change of temperature may cause the fre- 
quencies of adjacent broadcasting stations to overlap. 


In order to maintain constant frequency, piezoelectric 
crystals are used in place of LC or RC circuits. Oscillators 
of this type are called crystal oscillators. The frequency of 
a crystal oscillator changes by less than 0.1% due to tem- 
perature and other changes. Therefore, such oscillators of- 
fer the most satisfactory method of stabilising the frequency 
and are used in great majority of electronic applications. 


14.16 Piezoelectric Crystals 


Certain crystalline materials, namely, Rochelle salt, quartz 
and tourmaline exhibit the piezoelectric effect i.e., when we 
apply an a.c. voltage across them, they vibrate at the fre- 
quency of the applied voltage. Conversely, when they are 
compressed or placed under mechanical strain to vibrate, 
they produce an a.c. voltage. Such crystals which exhibit 
piezoelectric effect are called piezoelectric crystals. Of the 
various piezoelectric crystals, quartz is most commonly used 
because it is inexpensive and readily available in nature. 


Fig. 14.19 
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Quartz crystal. Quartz crystals are generally used in crystal oscillators because of their great 
mechanical strength and simplicity of manufacture. The natural shape of quartz crystal is hexagonal 
as shown in Fig. 14.19. The three axes are shown : the z-axis is called the optical axis, the x-axis 1s 
called the electrical axis and y-axis is called the mechanical axis. Quartz crystal can be cut in differ- 
ent ways. Crystal cut perpendicular to the x-axis 1s called x-cut crystal whereas that cut perpendicular 
to y-axis 1s called y-cut crystal. The piezoelectric properties of a crystal depend upon its cut. 


Frequency of crystal. Each crystal has a natural frequency like a pendulum. The natural fre- 
quency fof a crystal is given by : 


where K is a constant that depends upon the cut and 
tis the thickness of the crystal. It is clear that fre- 
quency is inversely proportional to crystal thickness. 
The thinner the crystal, the greater is its natural fre- 
quency and vice-versa. However, extremely thin 
crystal may break because of vibrations. This puts a 
limit to the frequency obtainable. In practice, fre- 
quencies between 25 kHz to 5 MHz have been ob- 
tained with crystals. Piezoelectric Crystals 


14.17 Working of Quartz Crystal 


In order to use crystal in an electronic circuit, it is placed between two metal plates. The arrangement 
then forms a capacitor with crystal as the dielectric as shown 
in Fig. 14.20. If an a.c. voltage is applied across the plates, 
the crystal will start vibrating at the frequency of applied 
voltage. However, if the frequency of the applied voltage 1s 
made equal to the natural frequency of the crystal, resonance 
takes place and crystal vibrations reach a maximum value. 
This natural frequency is almost constant. Effects of tem- 
perature change can be eliminated by mounting the crystal 
in a temperature-controlled oven as in radio and television Fig. 14.20 
transmitters. 


t CRYSTAL 


14.18 Equivalent Circuit of Crystal 


Although the crystal has electromechanical resonance, we can represent the crystal action by an 
equivalent electrical circuit. 
(i) When the crystal is not vibrating, it 1s equivalent to capacitance C,, because it has two metal 
plates separated by a dielectric [See Fig. 14.21 (i)]. This capacitance is known as mounting 
capacitance. 


382 m@ Principles of Electronics 


(ii) When a crystal vibrates, *it is equivalent to R — Quartz wafer 
L —C series circuit. Therefore, the equivalent ~““=s._ 7 
circuit of a vibrating crystal is R — L — C series i Q 


circuit shunted by the mounting capacitance C_, 
as shown in Fig. 14.21 (ii). 


C,,, = mounting capacitance 


R-L-C = electrical equivalent of vibrational char- 
acteristic of the crystal 


|} 
DO 
mes > 
" = a a 
% £ = 2 
| 


Typical values for a 4 MHz crystal are : A quartz crystai 
L = 100 mH R = 100 Q 
C = 0.015 pF C.. = S pF 


_ 1k 
Q-factor of crystal = R ye 


1 | 100x10™ 
100 110.015 x 107)” 


= 26,000 


Note that Q of crystal is very high. The extremely high Q of acrystal leads to frequency **stability. 
14.19 Frequency Response of Crystal 


When the crystal is vibrating, 1ts equivalent electrical circuit is as shown in Fig. 14.22 (i). The 
capacitance values of C and C,, are relatively low (less than 1 pF for C and 440 pF for C,,). Note 
that the value of Cis much lower than that of C,,. 


X,, (+) 


Xc(-) 
(i) (ii) 


Fig. 14.22 


(i) At low frequencies, the impedance of the crystal is controlled by extremely high values of 
Xo, and X... In other words, at low frequencies, the impedance of the network is high and 
capacitive as shown in Fig. 14.22 (ii). 


(ii) Asthe frequency is increased, R-— L—C branch approaches its resonant frequency. At some 
definite frequency, the reactance X, will be equal to X,. The crystal now acts as a series- 


* When the crystal is vibrating , Lis the electrical equivalent of crystal mass, C 1s the electrical equivalent of 
elasticity and R is electrical equivalent of mechanical friction. 
** When Q 1s high, frequency 1s primarily determined by L and C of the crystal. Since these values remain 


fixed for a crystal, the frequency is stable. However, in ordinary LC tank circuit, the values of L and C have 
large tolerances. 
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resonant circuit. For this condition, the impedance of the crystal is very low; being equal to 


R. The frequency at which the vibrating crystal behaves as a series-resonant circuit is called 
series-resonant frequency f.. Its value is given by: 


1 
= _-__ 77 
Is on VLC 


where L is in henry and C 1s in farad. 


(iii) At a slightly higher frequency, the net reactance of branch R — L — C becomes inductive and 
equal to X . The crystal now acts as a parallel-resonant circuit. For this condition, the crystal offers 


avery high impedance. The frequency at which the vibrating crystal behaves as a parallel-resonant 
circuit 1s called parallel-resonant frequency f,, 


_ | 
P On LC, 
CxCc 
where a un 


C+C, 


Since C;1s less than C, f, 1s always greater than f,. Note that frequencies f, and f, are very close 
to each other. 


(iv) At frequencies greater than f,, the value of X,,_ drops and eventually the crystal acts as a 
short circuit. 


Conclusion. The above discussion leads to the following conclusions : 
(1) Atf,, the crystal will act as a series-resonant circuit. 


(ii) Atf,, the crystal will act as a parallel-resonant circuit. 


Therefore, we can use acrystal in place of a series LC circuit or in place of parallel LC circuit. If 
we use it in place of series LC circuit, the oscillator will operate at f. However if we use the crystal 
in place of parallel LC circuit, the oscillator will operate at f, In order to use the crystal properly, it 


must be connected in a cricuit so that its low impedance in the series resonant operating mode or high 
impedance 1n the parallel resonant operating mode 1s selected. 


14.20 Transistor Crystal Oscillator 


Fig. 14.23 shows the transistor crystal oscillator. Note that it 1s a Collpit’s oscillator modified to 


act as a crystal oscillator. The only change 1s the addition of the crystal (Y) in the feedback net- 
work. The crystal will act as a parallel-tuned circuit. As you can see in this circuit that instead of 


+ Voc 


RF CHOKE 


ut|-——o > | 


YY 


Fig. 14.23 
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resonance caused by L and (C, + C,), we have the parallel resonance of the crystal. At parallel 
resonance, the impedance of the crystal is maximum. This means that there is amaximum voltage 
drop across C,. This in turn will allow the maximum energy transfer through the feedback network 


at f.. 

" Note that feedback 1s positive. A phase shift of 180° is produced by the transistor. A further 
phase shift of 180° 1s produced by the capacitor voltage divider. This oscillator will oscillate only at 
f,, Even the smallest deviation from f, will cause the oscillator to act as an effective short. Conse- 
quently, we have an extremely stable oscillator. 


Advantages 
(i) They have a high order of frequency stability. 


(ii) The quality factor (Q) of the crystal is very high. The Q factor of the crystal may be as high 
as 10,000 compared to about 100 of L-C tank. 
Disadvantages 


(i) They are fragile and consequently can only be used in low power circuits. 
(ii) The frequency of oscillations cannot be changed appreciably. 


Example 14.10. A crystal has a thickness of t mm. If the thickness is reduced by 1%, what 
happens to frequency of oscillations ? 


Solution. Frequency, f = = 


l 
or f ; 
If the thickness of the crystal is reduced by 1%, the frequency of oscillations will increase by 1%. 


Example 14.11. The ac equivalent circuit of a crystal has these values: L = 1H, C = 0.01 pF; 
R = 1000 QandC,, = 20 pF. Calculate f, and f, of the crystal. 


Solution. L= 1H 

C = 0.01 pF = 0.01x10°°F 
C= 20pF = 20x10°°F 
oa ee 
° 2n JLC 


2 


on Vl x 0.01 x 107.” 


= 1589x 10° Hz = 1589 kHz 


Now Cp = EX&m = 0.01% 20 = 9 09 x 107 pF 
C+C, 0.01420 
= 999x10°F 
L£- 
2n .{LC, 
1 


—__-________ }]7 
on Vl x 9.99 x107> 


= 1590x 10° Hz = 1590 kHz 


If this crystal is used in an oscillator, the frequency of oscillations will lie between 1589 kHz and 
1590 kHz. 
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MULTIPLE-CHOICE QUESTIONS 


1. An oscillator converts ............ 
(i) a.c. power into d.c. power 
(ii) d.c. power into a.c. power 
(iii) mechanical power into a.c. power 
(iv) none of the above 


2. In an LC transistor oscillator, the active 


device 18 ............. 
(i) LC tank circuit (ii) biasing circuit 
(iii) transistor (iv) none of the above 


3. In an LC circuit, when the capacitor energy 
is maximum, the inductor energy 1s ........... 
(i) minimum (ii) maximum 
(iii) half-way between maximum and 
minimum 
(iv) none of the above 


4. In an LC oscillator, the frequency of 
oscillator 1s ........ LorC. 


(i) proportional to square of 
(ii) directly proportional to 
(iii) independent of the values of 
(iv) inversely proportional to square root of 
5. An oscillator produces ....... oscillations. 
(i) damped 
(iii) modulated 
6. An oscillator employs ........... feedback. 


(ii) undamped 

(iv) none of the above 
(i) positive (ii) negative 
(iii) neither positive nor negative 
(iv) data insufficient 


7. AnLC oscillator cannot be used to produce 
sages vba frequencies. 


(i) high 
(iii) very low 


(ii) audio 
(iv) very high 


8. Hartley oscillator is commonly used in 


(i) radio receivers (ii) radio transmitters 


(iii) TV receivers (iv) none of the above 


9. In a phase shift oscillator,we use ........... RC 
sections. 
(i) two (ii) three 
(iii) four (iv) none of the above 


10. In a phase shift oscillator, the frequency 
determining elements are ........... 


(i) LandC (ii) R, L and C 
(iii) RandC (iv) none of the above 


11. A Wien bridge oscillator uses ........... 
feedback. 
(i) only positive (ii) only negative 
(iii) both positive and negative 
(iv) none of the above 
12. The piezoelectric effect in a crystal is........... 


(i) a voltage developed because of 
mechanical stress 


(ii) a change in resistance because of 
temperature 


(iii) a change of frequency because of 
temperature 


(iv) none of the above 


13. If the crystal frequency changes with 
temperature, we say that crystal has............ 
temperature coefficient. 

(i) positive (ii) zero 

(iii) negative (iv) none of the above 

14. The crystal oscillator frequency is very stable 
due to ........... of the crystal. 

(i) rigidity (ii) vibrations 
(iii) lowQ (iv) high Q 

15. The application where one would most likely 

find a crystal oscillator is ........... 


(i) radio receiver (ii) radio transmitter 
(iii) 
(iv) 
16. An oscillator differs from an amplifer 
because it ........... 


AF sweep generator 


none of the above 


(i) has more gain 
(i1) 
(iii) 
(vy) 


17. One condition for oscillation is ........... 


requires no input signal 
requires no d.c. supply 
always has the same input 


(i) a phase shift around the feedback loop 
of 180° 


(ii) again around the feedback loop of one- 
third 
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(iii) aphase shift around the feedback loop 
of 0° 


(iv) again around the feedback loop of less 
than 1 


18. A second condition for oscillations 1s .......... 
(i) a gain of 1 around the feedback loop 
(ii) no gain around the feedback loop 


(iii) the attenuation of the feedback circuit 
must be one-third 


(iv) the feedback circuit must be capacitive 


19. In acertain oscillator, A, = 50. The attenu- 
ation of the feedback circuit must be .......... 


(i) 1 (ii) 0.01 
(iii) 10 (iv) 0.02 


20. For an oscillator to properly start, the gain 
around the feedback loop must initially be 


(i) | 
(iii) less than 1 


(iv) equal to attenuation of feedback 
circuit 


(ii) greater than 1 


21. Ina Wien-bridge oscillator, if the resistances 
in the positive feedback circuit are de- 
creased, the frequency ............. 


(i) remains the same 
(ii) decreases 
(iii) increases 
(iv) insufficient data 
22. In a Colpitt’s oscillator, feedback 1s obtained 


(i) by magnetic induction 
(ii) by atickler coil 
(iii) from the centre of split capacitors 
(iv) none of the above 
23. The Q of a crystal is of the order of ........... 
(i) 100 (ii) 1000 
(iii) 50 (iv) more than 10,000 


24. Quartz crystal is most commonly used in 
crystal oscillators because ........... 


(i) it has superior electrical properties 


(ii) itis easily available 


(iii) itis quite inexpensive 
(iv) none of the above 


25. In LC oscillators, the frequency of oscilla- 
tions is given by ......... 


21 ] 
(i) Jie (ii) me 


26. The operating frequency of a Wien-bridge 
oscillator is given by ............ 


1 3 l 
¢) —— (ii) ——— 
2n VLC An VLC 
a 1] - l 
(iii) Re (iv) 79 RC 
D7. dewey is a fixed frequency oscillator. 


(i) Phase-shift oscillator 
(ii) Hartley oscillator 
(iii) Colpitt’s oscillator 
(iv) Crystal oscillator 


28. In an LC oscillator, if the value of L is in- 
creased four times, the frequency of oscilla- 
t1ONS 18 .............. 


(i) increased 2 times 
(ii) decreased 4 times 
(iii) increased 4 times 
(iv) decreased 2 times 


29. An important limitation of a crystal oscilla- 


(ii) its high Q 
(iii) less availability of quartz crystal 


(i) its low output 


(iv) its high output 


30. The signal generator generally used in the 
laboratories 1s ............... oscillator. 


(i) Wien-bridge (ii) Hartley 
(iii) Crystal (iv) Phase shift 


aoa aS SS 
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Answers to Multiple-Choice Questions 


. (iii) . @ . (iv) 
. (iii) . @ . (ii) 
.@ . @ . () 
. (iii) . @) . (iv) 
. (iii) . () . @) 
. (vy) . (iv) .@ 


Chapter Review Topics 


What is an oscillator ? What is its need ? Discuss the advantages of oscillators. 


What do you understand by damped and undamped electrical oscillations ? Illustrate your answer 
with examples. 


Explain the operation of a tank circuit with neat diagrams. 

What is the nature of oscillations produced by tank circuit ? 

How will you get undamped oscillations from a tank circuit ? 

Discuss the essentials of an oscillator. 

Discuss the circuit operation of tuned collector oscillator. 

With a neat diagram, explain the action of Hartley and Colpitt's oscillators. 
What are the drawbacks of LC oscillators ? 

Write short notes on the following : 

(i) RC oscillators (ii) Wien bridge oscillators (iii) Crystal oscillator 


Problems 
Figure 14.24 shows the Colpitt's oscillator. Determine the (i) operating frequency and (ii) feedback 
fraction. [(@) 24.5 kHz (ii) 0.1] 
+ Voc 
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Fig. 14.24 


Figure 14.25 shows the Hartley oscillator. If L, = 1000 pH, L, = 100 pH and C = 20 pF, find the 
(i) operating frequency and (ii) feedback fraction. [(@) 1052 kHz (ii) 0.1] 


For the Colpitt's oscillator shown in Fig. 14.24, C;= 750 pF, C, = 2500 pF and L= 40 wH. Determine 
(i) the operating frequency and (ii) feedback fraction. [(@) 1050 kHz (ii) 0.3] 
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4. For the Hartley oscillator shown in Fig. 14.25, C = 250 pF, L, = 1.5 mH, L, = 1.5 mH and M = 0.58 


mH. Determine the operating frequency. [159.2 kHz] 
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Fig. 14.25 


5. A crystal has L = 3H, C = 0.05 pF, R = 2 kQ and C, = 10 pF. Calculate the series-resonant and 
parallel-resonant frequencies of the crystal. [411 kHz ; 412 kHz] 


Discussion Questions 


. Why is amplifier circuit necessary in an oscillator ? 

. Why ts crystal oscillator used in radio transmitter ? 

. Why do you use three RC sections in RC oscillator ? 

. Why 1s negative feedback provided in Wien bridge oscillators ? 


. Why 1s quartz crystal commonly used in crystal oscillators ? 
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INTRODUCTION 


ost of the audio amplifiers we have discussed 
MI: the earlier chapters will also work at radio 
frequencies i.e. above 50 kHz. However, they 
suffer from two major drawbacks. First, they become 
less efficient at radio frequency. Secondly, such ampli- 
fiers have mostly resistive loads and consequently their 
gain is independent of signal frequency over a large 
bandwidth. In other words, an audio amplifier ampli- 
fies a wide band of frequencies equally well and does 
not permit the selection of a particular desired frequency 
while rejecting all other frequencies. 
However, sometimes it 1s desired that an amplifier 
should be selective i.e. it should select a desired fre- 
quency or narrow band of frequencies for amplifica- 
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tion. For instance, radio and television transmission are carried on a specific radio frequency as- 
signed to the broadcasting station. The radio receiver is required to pick up and amplify the radio 
frequency desired while discriminating all others. To achieve this, the simple resistive load is re- 
placed by a parallel tuned circuit whose impedance strongly depends upon frequency. Such a tuned 
circuit becomes very selective and amplifies very strongly signals of resonant frequency and narrow 
band on either side. Therefore, the use of tuned circuits in conjunction with a transistor makes 
possible the selection and efficient amplification of a particular desired radio frequency. Such an 
amplifier is called a tuned amplifier. In this chapter, we shall focus our attention on transistor tuned 
amplifiers and their increasing applications in high frequency electronic circuits. 


15.1 Tuned Amplifiers 


Amplifiers which amplify a specific frequency or narrow band of frequencies are called tuned 
amplifiers. 
Tuned amplifiers are mostly used for + Veco 

the amplification of high or radio frequen- 
cies. It 1s because radio frequencies are 
generally single and the tuned circuit per- 
mits their selection and efficient amplifi- 
cation. However, such amplifiers are not 
suitable for the amplification of audio fre- 
quencies as they are mixture of frequen- 
cies from 20 Hz to 20 kHz and not single. 
Tuned amplifiers are widely used in ra- 
dio and television circuits where they are 
called upon to handle radio frequencies. 


Fig. 15.1 shows the circuit of a simple 
transistor tuned amplifier. Here, instead 
of load resistor, we have a parallel tuned 
circuit in the collector. The impedance 


of this tuned circuit strongly depends upon 
frequency. It offers a very high imped- 
ance at resonant frequency and very small 
impedance at all other frequencies. Ifthe signal has the same frequency as the resonant frequency of 
LC circuit, large amplification will result due to high impedance of LC circuit at this frequency. 
When signals of many frequencies are present at the input of tuned amplifier, it will select and strongly 
amplify the signals of resonant frequency while *rejecting all others. Therefore, such amplifiers are 
very useful in radio receivers to select the signal from one particular broadcasting station when sig- 


Fig. 15.1 


nals of many other frequencies are present at the receiving aerial. 


15.2 Distinction between Tuned Amplifiers and other 
Amplifiers 
We have seen that amplifiers (e.g., voltage amplifier, power amplifier etc.) provide the constant gain 


over a limited band of frequencies i.e., from lower cut-off frequency /, to upper cut-off frequency /,. 
Now bandwidth of the amplifier, BW =f, — f,. The reader may wonder, then, what distinguishes a 


* For all other frequencies, the impedance of LC circuit will be very small. Consequently, little amplifi- 
cation will occur for these frequencies. 
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tuned amplifier from other amplifiers? The difference is that tuned amplifiers are designed to have 
specific, usually narrow bandwidth. This point is illustrated in in Fig. 15.2. Note that BW, is the 
bandwidth of standard frequency response while BW, is the bandwidth of the tuned amplifier. In 
many applications, the narrower the bandwidth of a tuned amplifier, the better it 1s. 


i 


1000 kHz 


f, = 980 kHz f, = 1020 kHz 
t—— BW = 40 kHz — 


Fig. 15.2 Fig. 15.3 


Illustration. Consider a tuned amplifier that is designed to amplify only those frequencies that 
are within + 20 kHz of the central frequency of 1000 kHz (i.e., f= 1000 kHz ). Here [See Fig. 15.3], 


f= 980kHz, f.=1000kHz, f,=1020kHz, BW=40kHz 


This means that so long as the input signal is within the range of 980 — 1020 kHz, it will be 
amplified. If the frequency of input signal goes out of this range, amplification will be drastically 
reduced. 


15.38 Analysis of Parallel Tuned Circuit 


A parallel tuned circuit consists of a capacitor C and inductor L in parallel as shown in Fig. 15.4 (3). 
In practice, some resistance R 1s always present with the coil. If an alternating voltage is applied 
across this parallel circuit, the frequency of oscillations will be that of the applied voltage. However, 
if the frequency of applied voltage is equal to the natural or resonant frequency of LC circuit, then 
electrical resonance will occur. Under such conditions, the impedance of the tuned circuit becomes 
maximum and the line current is minimum. The circuit then draws just enough energy from a.c. 
supply necessary to overcome the losses 1n the resistance R. 


Parallel resonance. A parallel circuit containing reactive elements (Z and C ) is *resonant when 
the circuit power factor is unity i.e. applied voltage and the supply current are in phase. The phasor 
diagram of the parallel circuit is shown in Fig. 15. 4 (ii). The coil current J, has two rectangular 
components viz active component J, cos ), and reactive component J, sin ,. This parallel circuit will 
resonate when the circuit power factor is unity. This 1s possible only when the net reactive component 
of the circuit current 1s zero i.e. 


I.-I, sing, = 0 
c = I,sino, 

Resonance in parallel circuit can be obtained by changing the supply frequency. At some fre- 
quency /, (called resonant frequency), J. =, sin >, and resonance occurs. 


or I 


* Resonance means to be in step with. In an a.c. circuit if applied voltage and supply current are in phase 
(i.e.,1n step with), resonance 1s said to occur. If this happens in a parallel a.c. circuit, 1t is called parallel 
resonance. 
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Resonant frequency. The frequency at which parallel resonance occurs (i.e. reactive compo- 
nent of circuit current becomes zero) is called the resonant frequency f.. 


(7) 
Fig. 15.4 
At parallel resonance, we have, J. = J, sin $, 
Now I, = V/Z,;, sino, = X,/Z, and I, = VIXe 
boleh 
X¢ £4, Zr 
or CS 
ob _ 32 _ p2, 
or ae LZ, = ROX, oad) 
or A = R?+(2"f,Ly 
or (20 f.Ly ae 
C 
or nfl = 5-8 
_ 1 {Zp 
° ty = IREVC 
1 {1 R 
Resonant frequency, f, = aaNLC a3 ... (ii) 
If coil resistance R 1s small (as is generally the case), then, 
oo ii) 
20 LC 


The resonant frequency will be in Hz if R, L and C are in ohms, henry and farad respectively. 


Note. If in the problem, the value of R is given, then eq. (i7) should be used to find #.. However, if R is not 
given, then eq. (iii) may be used to find /. 


15.4 Characteristics of Parallel Resonant Circuit 


It is now desirable to discuss some important characteristics of parallel resonant circuit. 

({) Impedance of tuned circuit. The impedance offered by the parallel LC circuit is given by 
the supply voltage divided by the line current i.e., }’/7. Since at resonance, line current is minimum, 
therefore, impedance is maximum at resonant frequency. This fact is shown by the impedance-fre- 
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quency curve of Fig 15.5. It is clear from impedance-frequency curve that impedance rises to a steep 
peak at resonant frequency f. However, the impedance of the circuit decreases rapidly when the 
frequency 1s changed above or below the resonant frequency. This characteristic of parallel tuned 
circuit provides it the selective properties i.e. to select the resonant frequency and reject all others. 


Line current, J = J, cos 6, 
J” Vo OR 
— x — 
° Zo 7. 
® 
or 1 - = = 
4 a 3 
ok 
1 . R CR E 
or — = —— = — 
, ey, L 
EG 2? == from eq. @ 0 I, 
ne —-» Frequency 
ae ve 
Circuit impedance, Z, = CR Fig. 15.5 


Thus at parallel resonance, the circuit impedance is equal 
to *L/CR. It may be noted that Z, will be in ohms if R, L and C are measured in ohms, henry and farad 
respectively. 


(ii) Circuit Current. At parallel resonance, the circuit or line current J is given by the applied 
voltage divided by the circuit impedance Z,, i.e., 
I" 
Z 


r 


LT 
CR 


Line current, J = where Z, = 


Because Z_1s very high, the line current / will be very small. 


(iii) Quality factor Q. It is desired that resonance curve of a parallel tuned circuit should be as 
sharp as possible in order to provide selectivity. The sharp resonance curve means that impedance 
falls rapidly as the frequency is varied from the resonant frequency. The smaller the resistance of 
coil, the more sharp is the resonance curve. This is due to the fact that a small resistance consumes 
less power and draws a relatively small line current. The ratio of inductive reactance and resistance 
of the coil at resonance, therefore, becomes a measure of the quality of the tuned circuit. This is 
called quality factor and may be defined as under : 


The ratio of inductive reactance of the coil at resonance to its resistance is known as **quality 
factor Q i.e., 
X, _ 2nf,L 


CR TR 

The quality factor Q of a parallel tuned circuit 1s very important because the sharpness of reso- 
nance curve and hence selectivity of the circuit depends upon it. The higher the value of Q, the more 
selective is the tuned circuit. Fig. 15.6 shows the effect of resistance R of the coil on the sharpness of 


* Two things are worth noting. First, Z, (= L/CR) 1s a pure resistance because there is no frequency term 
present. Secondly, the value of Z.1s very high because the ratio L/C is very large at parallel resonance. 


** Strictly speaking, the Q of a tank circuit 1s defined as the ratio of the energy stored in the circuit to the 
energy lost in the circuit i.e., 


2 
_ Energy stored _ ReactivePower _ /;7 X7 _ 
O =a = or oS 
Energy lost Resistive Power iF R = 
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the resonance curve. It is clear that when the resis- 
tance is small, the resonance curve 1s very sharp. How- 
ever, if the coil has large resistance, the resonance curve 
is less sharp. It may be emphasised that where high 
selectivity 1s desired, the value of Q should be very 
large. 


Example 15.1. A parallel resonant circuit has a 
capacitor of 250pF in one branch and inductance of 
1.25mH plus aresistance of 10Q in the parallel branch. 
Find (i) resonant frequency (ii) impedance of the cir- 
cuit at resonance (iii) Q-factor of the circuit. 


IMPEDANCE 


Solution. FREQUENCY 
R= 10Q;L = 1.25x10°H;C = 250x1077F Fig. 15.6 
(i) Resonant frequency of the circuit is 
pe bh JL 
. 2n VLC 7? 
l 10" 10° 


i — ———— Hz 
2m \11.25x10°x250 (1.25x10°)” 


284.7 x 10° Hz = 284.7 kHz 
(ii) Impedance of the circuit at resonance 1s 


L 125x107 ‘ 
Te a ee SS ees = SS IO OO 
e Wa 250 x 107!? x 10 
= 500kQ 


(iii) Quality factor of the circuit is 
oe 2nfL — 2m (284.7x10°)x1.25x10™ 
~ R 10 
Example 15.2. A parallel resonant circuit has a capacitor of 100 pF in one branch and induc- 


tance of 100 nH plus a resistance of 10 Qin parallel branch. If the supply voltage is 10 V; calculate 
(i) resonant frequency (ii) impedance of the circuit and line current at resonance. 


= 223.6 


Solution. 
R =10Q,L = 100x10°H:C =100x10"F 


(i) Resonant frequency of the circuit 1s 


1 {1 BR 
I= = yl 


1 107 10° a 
2m 100 x10° x100 (100 x10°°)’ 
= 1592.28x 10° Hz = 1592.28 kHz 
(ii) Impedance of the circuit at resonance is 
L 100x10° | 


L.1 
mi R C eR 100x107” R 
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6. | 6. | 5 
= a 10 —— — 3 
Lor R x 10 10° Q = 0.1 MQ 
Note that the circuit impedance Z,,1s very high at resonance. It 1s because the ratio L/C 1s very 
large at resonance. 
Line current at resonance 1s 
fe 2 = 
Z, 10° Q 
Example 15.3. Zhe *dynamic impedance of a parallel resonant circuit is 500 kQ. The circuit 
consists of a 250 pF capacitor in parallel with a coil of resistance 102. Calculate (i) the coil inductance 
(ii) the resonant frequency and (iii) Q-factor of the circuit. 


= 100 pA 


Solution. 


(i) Dynamicimpedance, Z, = CR 
Inductance of coil, L = Z.CR=(500 x 10°) x (250 x | 07!) “46 
= 1.25x 10° H=1.25 mH 


; ere oe OR co 
(ji) Resonantfrequency, f/f, = mVIC 72 
ae (ae Lo” 


Qn Vi1.25x10%% 250 (1.25x 102) 
284.7 x 10° Hz = 284.7 kHz 


an f,L _ 2mx(284.7 x 10°) x (1.25 x 10") 
Ro 10 


15.5 Advantages of Tuned Amplifiers 


(iii) Q-factor of the circuit = = 223.6 


In high frequency applications, it is generally required to amplify a single frequency, rejecting all 
other frequencies present. For such purposes, tuned amplifiers are used. These amplifiers use tuned 
parallel circuit as the collector load and offer the following advantages : 


(i) Small power loss. A tuned parallel circuit employs reactive components L and C’. Conse- 
quently, the power loss 1n such a circuit 1s quite low. On the other hand, if a resistive load is used in 
the collector circuit, there will be considerable loss of power. Therefore, tuned amplifiers are highly 
efficient. 


(ii) High selectivity. A tuned circuit has the property of selectivity i.e. 1t can select the desired 
frequency for amplification out of a large number of frequencies simultaneously impressed upon it. 
For instance, if a mixture of frequencies including f, is fed to the input of a tuned amplifier, then 
maximum amplification occurs for f. For all other frequencies, the tuned circuit offers very low 
impedance and hence these are amplified to a little extent and may be thought as rejected by the 
circuit. On the other hand, if we use resistive load in the collector, all the frequencies will be ampli- 
fied equally well i.e. the circuit will not have the ability to select the desired frequency. 

(iii) Smaller collector supply voltage. Because of little resistance in the parallel tuned circuit, 
it requires small collector supply voltage J’... On the other hand, if a high load resistance is used in 
the collector for amplifying even one frequency, it would mean large voltage drop across it due to 
zero signal collector current. Consequently, a higher collector supply will be needed. 


* Impedance of parallel resonant circuit at ressonance is called dynamic impedance. 
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15.6 Why not Tuned Circuits for Low Frequency Amplifica- 
tion ? 


The tuned amplifiers are used to select and amplify a specific high frequency or narrow band of 
frequencies. The reader may be inclined to think as to why tuned circuits are not used to amplify low 
frequencies. This is due to the following reasons : 


(i) Low frequencies are never single. A tuned amplifier selects and amplifies a single freq- 
uency. However, the low frequencies found in practice are the audio frequencies which are a mixture 
of frequencies from 20 Hz to 20 kHz and are not single. It is desired that all these frequencies should 
be equally amplified for proper reproduction of the signal. Consequently, tuned amplifiers cannot be 
used for the purpose. 


(ii) Highvalues of Land C. The resonant frequency of a parallel tuned circuit is given by; 


f= —— 
"In VLC 
For low frequency amplification, we require large values of L and C. This will make the tuned 
circuit bulky and expensive. It is worthwhile to mention here that R-C and transformer coupled 
amplifiers, which are comparatively cheap, can be conveniently used for low frequency applications. 


15.7. Frequency Response of Tuned Amplifier 


The voltage gain of an amplifier depends upon B, input impedance and effective collector load. Ina 
tuned amplifier, tuned circuit 1s used in the collector. Therefore, voltage gain of such an amplifier is 
given by : 


Voltage gain = PZ 
in 
where Zo = effective collector load 
Z., — \mput impedance of the amplifier 


The value of Z, and hence gain strongly depends upon frequency in the tuned amplifier. As Z, 
is maximum at resonant frequency, therefore, voltage gain will be maximum at this frequency. The 
value of Z,., and gain decrease as the frequency is varied above and below the resonant frequency. 
Fig. 15.7 shows the frequency response of a tuned amplifier. It 1s clear that voltage gain 1s maximum 
at resonant frequency and falls off as the frequency 1s varied in either direction from resonance. 


Bandwidth. The range of frequencies at which the 
voltage gain of the tuned amplifier falls to 70.7 % of the VOLTAGE GAIN 
maximum gain is called its bandwidth. Referring to Fig. 

15.7, the bandwidth of tuned amplifier is f —f,. The am- A, (max) 
plifier will amplify nicely any signal in this frequency 
range. The bandwidth of tuned amplifier depends upon 
the value of 2 of LC circuit i.e. upon the sharpness of the 
frequency response. The greater the value of Q of tuned 


circuit, the lesser is the bandwidth of the amplifier and 0 I bods I 
vice-versa. In practice, the value of Q of LC circuit is 
made such so as to permit the amplification of desired Fig. 15.7 


narrow band of high frequencies. 

The practical importance of bandwidth of tuned amplifiers is found in communication system. 
In radio and TV transmission, a very high frequency wave, called carrier wave 1s used to carry the 
audio or picture signal. In radio transmission, the audio signal has a frequency range of 10 kHz. If 
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the carrier wave frequency is 710 kHz, then the resultant radio wave has a frequency range *between 
(710 -5) kHz and (710 +5) kHz. Consequently, the tuned amplifier must have a bandwidth of 705 
kHz to 715 kHz (i.e. 10 kHz). The Q of the tuned circuit should be such that bandwidth of the 
amplifier lies in this range. 


15.8 Relation between Q and Bandwidth 


The quality factor Q of a tuned amplifier 1s equal to the ratio of resonant frequency (f) to bandwidth 
(BW) i.e., 
J, 


o> By 

The Q of an amplifier 1s determined by the circuit component values. It may be noted here that 

QO of a tuned amplifier is generally greater than 10. When this condition is met, the resonant fre- 
quency at parallel resonance 1s approximately given by: 


> Se 


Example 15.4. The QO of a tuned amplifier is 60. If the resonant frequency for the amplifier is 
1200 kHz, find (i) bandwidth and (ii) cut-off frequencies. 


Solution. 

fF, _ 1200 kHz 

(Z) BW = O — 60 = 20 kHz 
(7) Lower cut-off frequency, f, = 1200-10 = 1190 kHz 


1200+ 10 = 1210 kHz 


Example 15.5. A tuned amplifier has maximum voltage gain at a frequency of 2 MHz and the 
bandwidth is 50 kHz. Find the Q factor. 


Solution. The maximum voltage gain occurs at the resonant frequency. Therefore, f= 2 MHz = 
2 x 10° Hz and BW = 50 kHz = 50 x 10° Hz. 


Upper cut-off frequency, f, 


Now BW = 


0 = BW 5x10” 


Example 15.6. Draw the frequency response of an ideal tuned amplifier and discuss its 
characteristics. 


Passband 


Stop band | (bandwidth)| Stop band 
a 2 


* See chapter on modulation and demodulation. 
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Solution. Fig. 15.8 shows the frequency response of an ideal tuned amplifier. The ideal tuned 
amplifier has zero gain for all frequencies from 0 Hz up to the lower cut-off frequency /,. At this 
point, the gain instantly jumps to the maximum value [A, (,,,,)]. The gain stays at the maximum value 
until f, 1s reached. At this time, the gain instantly drops back to zero. Thus all the frequencies within 
the bandwidth (f, to f,) of the amplifier would be passed by the circuit while all others would be 
effectively stopped. This is where the terms pass band and stop band come from. The pass band is the 
range of frequencies that 1s passed (amplified) by a tuned amplifier. On the other hand, the stop band 
is the range of frequencies that is outside the amplifier’s pass band. 


In practice, the ideal characteristics of the tuned amplifier cannot be achieved. In a practical 
frequency response (refer back to Fig. 15.7), the gain falls gradually from maximum value as the 
frequency goes outside the f, or f, limits. However, the closer the frequency response of a tuned 
amplifier to that of the ideal, the better. 


15.9 Single Tuned Amplifier 


A single tuned amplifier consists of a transistor amplifier containing a parallel tuned circuit as the 
collector load. The values of capacitance and inductance of the tuned circuit are so selected that its 
resonant frequency is equal to the frequency to be amplified. The output from a single tuned ampli- 
fier can be obtained either (a) by a coupling capacitor C, as shown in Fig. 15.9 (@) or (6) by a 
secondary coil as shown in Fig. 15.9 (ii). 


+ Voc + Voc 


] 


OUTPUT 


(i) (it) 
Fig. 15.9 


Operation. The high frequency signal to be amplified is given to the input of the amplifier. The 
resonant frequency of parallel tuned circuit is made equal to the frequency of the signal by changing 
the value of C. Under such conditions, the tuned circuit will offer very high impedance to the signal 
frequency. Hence a large output appears across the tuned circuit. In case the input signal 1s complex 
containing many frequencies, only that frequency which corresponds to the resonant frequency of the 
tuned circuit will be amplified. All other frequencies will be rejected by the tuned circuit. In this way, 
a tuned amplifier selects and amplifies the desired frequency. 

Note. The fundamental difference between AF and tuned (RF) amplifiers is the bandwidth they are 
expected to amplify. The AF’ amplifiers amplify a major portion of AF specturm (20 Hz to 20 kHz) equally well 
throughout. The tuned amplifiers amplify a relatively narrow portion of RF spectrum, rejecting all other fre- 
quencies. 
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15.10 Analysis of Tuned Amplifier 


Fig. 15.10 (i) shows a single tuned amplifier. Note the presence of the parallel LC circuit in the 
collector circuit of the transistor. When the circuit has a high Q, the parallel resonance occurs at a 
frequency f, given by: 


Vo € 


= 0 F f 
(it) 
Fig. 15.10 
pe 
"nt ILC 


At the resonant frequency, the impedance of the parallel resonant circuit is very high and is 
purely resistive. Therefore, when the circuit is tuned to resonant frequency, the voltage across R, 1s 
maximum. In other words, the voltage gain is maximum at f.. However, above and below the reso- 
nant frequency, the voltage gain decreases rapidly. The higher the Q of the circuit, the faster the gain 
drops off on either side of resonance [See Fig. 15.10 (id)]. 


15.11 A.C. Equivalent Circuit of Tuned Amplifier 


Fig. 15.11 @) shows the ac equivalent circuit of the tuned amplifier. Note the tank circuit components 
are not shorted. In order to completely understand the operation of this circuit, we shall see its 
behaviour at three frequency conditions viz., 

© Sin = Sr G1) Sin <I, G1) Sin> Sy 

(1) When input frequency equals 7. (7.e.,f,,=f,). When the frequency of the input signal is 
equal to f,, the parallel LC circuit offers a very high impedance i.e., 1t acts as an open. Since Rk, 
represents the only path to ground 1n the collector circuit, all the ac collector current flows through 


R,. Therefore, voltage across R,; 1s maximum i.e., the voltage gain is maximum as shown in Fig. 
15.11 Gi. 


A 
0.707 A 


v (max) 


v (max) 


(i) (ii) 
Fig. 15.11 
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(ii) When input frequency is less than / (7.e., f,,<j.). When the input signal frequency is less 
than f,, the circuit is effectively* inductive. As the frequency decreases from f,, a point 1s reached 
when X. — X, = R,. When this happens, the voltage gain of the amplifier falls by 3 db. In other 
words, the lower cut-off frequency f, for the circuit occurs when X,—X, = R,. 

(vii) When input frequency is greater than /, (i.e.,f,,>f,). When the input signal frequency is 
greater than f,, the circuit 1s effectively capacitive. As /f,, 1s increased beyond f,, a point 1s reached 
when X, —X, = R,;. When this happens, the voltage gain of the amplifier will again fall by 3db. In 
other words, the upper cut-off frequency for the circuit will occur when X, —Xo = R;. 


Example 15.7. For the tuned amplifier shown in Fig. 15.12, determine (i) the resonant fre- 
quency (ii) the QO of tank circuit and (iii) bandwidth of the amplifier. 


+ Voc 


Fig. 15.12 
Solution. 


(1) Resonant frequency, f, = 


1 es ee 
2nVLC  —-24gf. 33x 10 x 0.1K 10° 


= 2.77x 10° Hz = 2.77 kHz 
(ii) X, = 2nf.L = 20x (2.77 x 10°) x 33x 10” = 574Q 


L 
= 2b = 2) =9 
CR ad 
(iii) BW = Z = oe = 120 Hz 


15.12 Double Tuned Amplifier 


Fig. 15.13 shows the circuit of a double tuned amplifier. It consists of a transistor amplifier containing 
two tuned circuits ; one (L,C,) in the collector and the other (Z,C,) in the output as shown. The high 
frequency signal to be amplified is applied to the input terminals of the amplifier. The resonant 
frequency of tuned circuit L,C, is made equal to the signal frequency. Under such conditions, the 


* At frequencies below/,, X..>X, or, >I. Therefore, the circuit will be inductive. 
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tuned circuit offers very high impedance to +Voc 
the signal frequency. Consequently, large 
output appears across the tuned circuit L,C,. 
The output from this tuned circuit is 
transferred to the second tuned circuit LC, 
through mutual induction. Double tuned 
circuits are extensively used for coupling the 
various circuits of radio and television 
receivers. 


C, OUTPUT 


Frequency response. The frequency 
response of a double tuned circuit depends 
upon the degree of coupling i.e. upon the 
amount of mutual inductance between the 
two tuned circuits. When coil L, is coupled 
to coil L, [See Fig. 15.14 @], a portion of 
load resistance is coupled into the primary tank circuit L,C, and affects the primary circuit in exactly 
the same manner as though a resistor had been added in series with the primary coil Lj. 


Fig. 15.13 


COUPLING 


LOOSE COUPLING 


y TIGHT 

- = COUPLING 

$ 
INPUT 
0 bod 
FREQUENCY 
(i) (ii) 
Fig.15.14 


When the coils are spaced apart, all the primary coil Z, flux will not link the secondary coil L,. 
The coils are said to have /oose coupling. Under such conditions, the resistance reflected from the 
load (i.e. secondary circuit) is small. The resonance curve will be sharp and the circuit Q is high as 
shown in Fig. 15.14 (ii). When the primary and secondary coils are very close together, they are said 
to have tight coupling. Under such conditions, the reflected resistance will be large and the circuit QO 
is lower. Two positions of gain maxima, one above and the other below the resonant frequency, are 
obtained. 


15.13 Bandwidth of Double—Tuned Circuit 


If you refer to the frequency response of double-tuned circuit shown in Fig. 15.14 (i), 1t 1s clear that 
bandwidth increases with the degree of coupling. Obviously, the determining factor in a double- 
tuned circuit is not Q but the coupling. For a given frequency, the tighter the coupling, the greater 1s 
the bandwidth. 

BW =k, 


The subscript dt is used to indicate double-tuned circuit. Here k is coefficient of coupling. 


Example 15.8. Jt is desired to obtain a bandwidth of 200 kHz at an operating frequency of 
10 MHz using a double tuned circuit. What value of co-efficient of coupling should be used ? 


Solution. 
BWy = Ks, 
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Co-efficient of coupling, k = BY a _ _200Kz = 0.02 


vf 10 x 10° kHz 


15.14 Practical Application of Double Tuned Amplifier 


Double tuned amplifiers are used for amplifying radio-frequency (RF) signals. One such appli- 
cation is in the radio receiver as shown in Fig. 15.15. This is the IF stage using double tuned resonant 
circuits. Each resonant circuit is tuned to *455 kHz. The critical coupling occurs when the coefficient 
of coupling 1s | 


K eintical — JQ, QO, 
where QO, 


Q, = quality factor of secondary resonant circuit (L, C,) 


quality factor of primary resonant circuit (L, C,) 


ee. 4° 


‘¢—10 kHz—» 


f (KHz) 


Fig. 15.15 Fig. 15.16 


When two resonant circuits are critically coupled, the frequency response becomes flat over a 
considerable range of frequencies as shown in Fig. 15.16. In other words, the double tuned circuit has 
better frequency response as compared to that of a single tuned circuit. The use of double tuned 
circuit offers the following advantages : 


(1) Bandwidth 1s increased. 
(i) Sensitivity (i.e. ability to receive weak signals) is increased. 
(ii) Selectivity (i.e. ability to discriminate against signals in adjacent bands) 1s increased. 


15.15 Tuned Class C Amplifier 


So far we have confined our attention to tuned class A amplifiers. Such amplifiers are used where RF 
signal has low power level e.g. in radio receivers, small signal applications in transmitters. However, 
owing to low efficiency of class A operation, these amplifiers are not employed where large RF (radio 
frequency) power is involved e.g. to excite transmitting antenna. In such situations, tuned class C 
power amplifiers are used. Since a class C amplifier has a very high efficiency, it can deliver more 
load power than a class A amplifier. 


* Ina radio receiver, the JF (intermediate frequency) of 455 kHz 1s obtained from the mixer circuit regard- 
less of radio station to which the receiver is tuned (See Chapter 16). 
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Class C operation means that collector current flows 
for less than 180°. In a practical tuned class C amplifier, ‘g 
the collector current flows for much less than 180° ; the 
current looks like narrow pulses as shown in Fig. 15.17. 
As we shall see later, when narrow current pulses like these 
drive a high-Q resonant (i.e. LC) circuit, the voltage across 
the circuit is almost a perfect sine wave. One very impor- 
tant advantage of class C operation is its *high efficiency. 
Thus 10 W supplied to a class A amplifier may produce 9 
only about 3.5 W of a.c. output (35 % efficiency). The 0 a 
same transistor biased to class C may be able to produce 7 
W output (70 % efficiency). Class C power amplifiers nor- 
mally use RF power transistors. The power ratings of such Fig. 15.17 
transistors range from | W to over 100 W. 


15.16 Class C Operation 


Fig. 15.18 (i) shows the circuit of tuned class C amplifier. The circuit action is as under: 


LESS THAN 180° 


(i) When no ac. input signal is applied, no collector current flows because the emitter diode 
(i.e. base-emitter junction) is unbiased. 


+ Voc 


(7) (i1) 
Fig. 15.18 
(ii) When ana.c. signal is applied, clamping action takes place as shown 1n Fig. 15.18 Gi). The 
voltage across the emitter diode varies between + 0.7 V (during positive peaks of input signal) to 
about —2)’,, (during negative peaks of input signal). This means that conduction of the transistor 
occurs only for a short period during positive peaks of the signal. This results in the pulsed output i.e. 
collector current waveform is a train of narrow pulses (Refer back to Fig. 15.17). 


(iii) When this pulsed output is fed to the LC circuit, **sine-wave output is obtained. This can be 
easily explained. Since the pulse is narrow, inductor looks like high impedance and the capacitor like 
a low impedance. Consequently, most of the current charges the capacitor as shown in Fig. 15.19. 


* Class C amplifier has a relatively long duration between the pulses, allowing the transistor to rest for a 
major portion of each input cycle. In other words, very little power is dissipated by the transistor. For 
this reason, class C amplifier has high efficiency. 

** There 1s another explanation for it. The pulsed output is actually the sum of an infinite number of sine 
waves at frequencies in multiples of the input frequency. Ifthe LC tank circuit 1s set up to resonate at the 
input frequency, it will result in sine-wave output of just the input frequency. 
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When the capacitor is fully charged, it will discharge 
through the coil and the load resistor, setting up oscil- 
lations just as an oscillatory circuit does. Consequently, 
sine-wave output 1s obtained. 

(iv) If only a single current pulse drives the LC 
circuit, we will get damped sine-wave output. How- 
ever, if a train of narrow pulses drive the LC circuit, 
we shall get undamped sine-wave output. 


15.17 D.C. and A.C. Loads ad 


Fig. 15.20 shows the circuit of tuned class C amplifier. 
We shall determine the d.c. and a.c. load of the circuit. 


(i) Thed.c. load of the circuit is just the d.c. resistance R of the inductor because the capacitor 
looks like an open to d.c. 


D.C. load, R;, = d.c. resistance of the inductor = R 


+ Vee 


SIGNAL 


Fig. 15.20 


(it) The a.c. load is a parallel combination of capacitor, coil and load resistance R, as shown in 
Fig. 15.21 @). The series resistance R of the inductor can be replaced by its equivalent parallel 
resistance R, as shown in Fig. 15.21 (ii) where 


Rp = OQ coi x X;, 
The a.c. load resistance R 1s the equivalent resistance of the parallel combination of R, and R, i.e. 
Rp XR, 
Rac = Rell RK; = Rp +R, 


Fig. 15.21 
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Example 15.9. Jn the circuit shown in Fig. 15.20, C = 500 pF and the coil has L = 50.7 wH and 
R = 102 and R, = 1 MQ. Find (i) the resonant frequency (ii) d.c. load and a.c. load. 


Solution. 
(7) Resonant frequency, f. ~ o_o 10" = 106 Hz 
"a VLC —-2n. {50.7 x 500 
(ii) D.C. load, R, = R = 10Q 
X, = 2nf.L = 2mx (10°) x (50.7 x 10) = 318Q 
oe in “t - a8 = 31.8 


The series resistance R (= 10 Q) of the inductor can be replaced by its equivalent parallel resis- 
tance R, where, 


Rp = OX, = 31.8318 = 107Q =10kQ 


| MO 500 pF a Ric = 10kQ 


(it) 
Fig. 15.22 
The equivalent circuit 1s shown in Fig. 15.22 (@). This further reduces to the circuit shown in 
Fig. 15.22 (ii). 
Ric = Rp|| RK, = 10kQ || 1 MQ ~=10kQ 


15.18 Maximum A.C. Output Power 


Fig. 15.23 @) shows tuned class C amplifier. When no signal 1s applied, the collector-emitter voltage 
1s *Vag Le. 
Yor = Vee 

When signal is applied, it causes the total collector-emitter voltage to swing above and below 
this voltage. The collector-emitter voltage can have a maximum value of 2}. and minimum value 0 
(ideally) as shown in Fig. 15.23 (ii). 

Referring to Fig. 15.23 (ii), output voltage has a peak value of J’... Therefore, the maximum a.c. 
output power Is : 

72 rr rd 

V = (Voc /V2) _ See 


foo) ae Ryc 2 Rac 
whereR,. = a.c. load 
Maximum efficiency. The d.c. input power (P,,) from the supply is : 
Lf. aa as 


o(max) D 
where P,, = power dissipation of the transistor 
P 
Max. collector jn = A) 
F¢max) ues D 


* Because the drop in L due to d.c. component is negligible. 
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(i) (il) 
Fig. 15.23 


As discussed earlier, P,, in class C operation is very small because the transistor remains biased 
off during most of the input signal cycle. Consequently, P, may be neglected as compared to P ymax. 


Maxi E o(max) 0 
aximumn ~ —— =~ 100% 
o(max) 
It is worthwhile to give a passing reference about the maximum efficiencies of class A, class B 
and class C amplifiers. A class. A amplifier (transformer-coupled) has amaximum efficiency of 50%, 
class B of 78.5% and class C nearly 100%. It 1s emphasised here that class C operation is suitable 
only for *resonant RF applications. 


Example 15.10. Calculate (i) a.c. load (ii) maximum load power in the circuit shown in 
Fig. 15.24. 


Solution. 
(i) A.C. load, R,. = Reflected load resistance seen by the collector 


+50 V 


* Because power losses are very small (less than 1 %) in high - Q resonant circuits. An extremely narrow 
pulse will compensate the losses. 


72 
(ii) Max. load power, Poomaxy = OR. = 


(50)° 
2x1250 
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(NIN) x 50 = (5/1) x 50 = 12509 


= 1W 


Example 15.11. /n the above example, if power dissipation of the transistor is 4 mW, find the 


maximum collector efficiency. 
Solution. 
P 


o (max) 


o (max) 


Max. collector n = p 


o(max) 


| 


1+4x10° 


= 1W; P,=4mW=4 x 10° W 


x 100 


x 100 = 99.6% 


Note that maximum collector efficiency is very close to the ideal case of 100% efficiency. 
Therefore, we can neglect P,, in circuit calculations with reasonable accuracy. 


MULTIPLE-CHOICE QUESTIONS 


7. At parallel resonance, the line current is 


1. A tuned amplifier uses ............. load. 
(i) resistive (ii) capacitive 
(ii) LC tank (iv) inductive 
2. A tuned amplifier is generally operated in 


Atak operation. 
(i) classA (ii) class C 
(iii) class B (iv) none of the above 
3. A tuned amplifier is used in ............. appli- 
cations. 


(i) radio frequency 
Gi) low frequency 
(iii) audio frequency 
(iv) none of the above 


4. Frequencies above ............. kHz are called 
radio frequencies. 
(i) 2 (ii) 10 
(iii) 50 (iv) 200 


5. At series or parallel resonance, the circuit 
power factor Is ............. 
(7) O 
(iii) | (iv) 0.8 
6. The voltage gain of a tuned amplifier 1s 
si tututatens at resonant frequency. 
@) minimum (ii) maximum 
(iii) half-way between maximum and mini- 
mum 
(iv) zero 


(@) minimum (i) maximum 
(iii) quite large (iv) none of the above 
8. At series resonance, the circuit offers 
aoe ae impedance. 
(i) zero (i) maximum 
(ii) minimum (iv) none of the above 
9. A resonant circuit contains .................0.000. 
elements. 


(@) RandLonly (i) RandC only 


Gii) only R (iv) LandC 
10. At series or parallel resonance, the circuit 
behaves as a............. load. 


(i) capacitive (ii) resistive 
(iii) inductive (iv) none of the above 
11. At series resonance, voltage across L is 
eateestotees: voltage across C. 
(i) equal to but opposite in phase to 
(ii) equal to but in phase with 
(iii) greater than but in phase with 
(iv) less than but in phase with 
12. When either Z or C 1s increased, the reso- 
nant frequency of LC circuit ............. 
(i) remains the same 
(ii) increases (iii) decreases 
(iv) insufficient data 
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13. At parallel resonance, the net reactive com- 
ponent of circuit current is ............. 


(i) capacitive (ii) zero 
(iii) inductive (iv) none of the above 
14. At parallel resonance, the circuit impedance 


TS) padssouisrins 
Co S. an 
) TF wi) & 
.». CR L 
(iii) a (iv) an 


15. In a parallel LC circuit, if the input signal 
frequency is increased above resonant fre- 
quency, then ............. 


(i) X, increases and _X,, decreases 
(ii) X, decreases and_X, increases 
(iii) both X, and X, increase 
(iv) both.X, and X,. decrease 
16. The QO of an LC circuit is given by .............. 


R 

(i) 2nf.xR (i) FL 
an fL R? 

Gi a ) SFL 


17. If O of an LC circuit increases, then band- 
width .............. 


(i) increases (ii) decreases 
(iii) remains the same 
(iv) insufficient data 
18. At series resonance, the net reactive com- 
ponent of circuit current is 
(i) zero (ii) inductive 
(iii) capacitive (iv) none of the above 
19. The dimensions of L/CR are that of .............. 
(i) farad (ii) henry 
(iii) ohm (iv) none of the above 


20. If L/C ratio of a parallel LC circuit 1s in- 
creased, the Q of the circuit .............. 


(i) 1sdecreased (ii) 18 increased 
(iii) remains the same 
(iv) none of the above 


21. Atseries resonance, the phase angle between 
applied voltage and circuit currentis............ 


(7) 90° (ii) 180° 
(iii) O° (iv) none of the above 
22. At parallel resonance, the ratio L/C'As ............ 
(i) very large (ii) zero 
(iii) small (iv) none of the above 
23. If the resistance of a tuned circuit is in- 


creased, the Q of the circuit .............. 
(i) 1S increased (ii) 18s decreased 
(iii) remains the same 
(iv) none of the above 


24. The O of a tuned circuit refers to the prop- 
erty Of ...... 


(i) sensitivity 

(iii) selectivity 
25. At parallel resonance, the phase angle be- 
tween the applied voltage and circuit cur- 


(ii) fidelity 
(iv) none of the above 


rent 18 ............ 
(i) 90° (ii) 180° 
(iii) O° (iv) none of the above 


26. In a parallel LC circuit, if the signal fre- 
quency is decreased below the resonant fre- 
quency, then ............ 


(i) X, decreases and_X, increases 
(ii) X, mcreases and _X,, decreases 
(iii) line current becomes minimum 
(iv) none of the above 
27. In series resonance, there is ............. 
(i) voltage amplification 
Gi) current amplification 
(iii) both voltage and current amplification 
(iv) none of the above 
28. The Q of a tuned amplifier is generally 


(i) less than 5 (ii) less than 10 
(iii) morethan 10 (iv) none of the above 


29. The Q of atuned amplifier 1s 50. If the reso- 
nant frequency for the amplifier is 1000 kHz, 
then bandwidth is ............. 


@) 10 kHz (ii) 40 kHz 

Gii) 30 kHz (iv) 20 kHz 

30. In the above question, what are the values 

of cut-off frequencies ? 
(ij) 140 kHz, 60 kHz 

Gi) 1020 kHz, 980 kHz 

(ii) 1030 kHz, 970 kHz 

(iv) none of the above 


31. For frequencies above the resonant fre- 
quency, a parallel LC circuit behaves as a 
eereeerers load. 


(i) capacitive 
resistive 
inductive 

none of the above 
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32. In parallel resonance, there is ................. quency, a series LC circuit behaves as a 
(7) both voltage and current amplification | 0 load. 
(ii) voltage amplification (i) resistive (ii) inductive 
(iii) current amplification (iii) capacitive (iv) none of the above 
(iv) none of the above 37. Double tuned circuits are used in ............. 
33. For frequencies below resonant frequency, stages of a radio receiver 
a series LC circuit behaves as a ................ (i) IF (ii) audio 
load. (ii) output (iv) none of the above 
(i) resistive (ii) capacitive 38. A class C amplifier always drives ............. 
(iii) inductive (iv) none of the above load. 
34. If ahigh degree of selectivity 1s desired, then (i) apure resistive (ii) a pure inductive 
double-tuned circuit should have........... cou- (iii) a pure capacitive 
pling. . (iv) aresonant tank 
@) Loose (i) tight 39. Tuned class C amplifiers are used for RF 
(iii) critical (iv) none of the above signals of 2.0.0.0... 
35. In the double tuned circuit, if the mutual (i) low power 


inductance between the two tuned circuits 


is decreased, the level of resonance (ii) high power 


(iii) very low power 


CUIV S scsiaieccn: 
(i) remains the same (iv) none of the above 
(ii) is lowered 40. For frequencies below the resonant fre- 
(iii) is raised quency, a parallel LC circuit behaves as a 
(iv) none of the above ieee l eae ; 7 
36. For frequencies above the resonant fre- @) anche (ii) resistive 
(iii) capacitive (iv) none of the above 


Answers to Multiple-Choice Questions 


» (ZH) ‘ 7) . (iv) 
; @&) » GH ~ (iy) 
. (iii) . (ii) . (iv) 
, \ @ . (iii) 
; & . (ii) . (iii) 
~e & » (iit) . (iv) 
. (iii) , OD a 

: i » Gy) » (fy) 


Chapter Keview Topics 


1. What are tuned amplifiers and where are they used ? 

2. Discuss parallel tuned circuit with special reference to resonant frequency, circuit impedance and 
frequency response. 

3. What do you understand by quality factor Q of parallel tuned circuit ? 

4. Discuss the advantages of tuned amplifiers. 

5. Discuss the circuit operation of a single tuned amplifier. 

6. Write short notes on the following : 

(7) Double tuned amplifier @i) Bandwidth of tuned amplifier 
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1. A parallel circuit has a capacitor of 100 pF in one branch and an inductance of 100 wH plus a resis- 
tance of 10 Q in the second branch. The line voltage is 100V. Find (4) resonant frequency (i) circuit impedance 
at resonance and (ii7) line current at resonance. [@) 1590 kHz (ii) 100 kQ. Git) 100 mA] 

2. A tuned amplifier is designed to have a resonant frequency of 1000 kHz and a bandwidth of 40 kHz. 
What is the Q of this amplifier ? [25] 

3. The Q of a tuned amplifier is 25. If the resonant frequency of the circuit is 1400 kHz, what is its 
bandwidth? [56 kHz] 

4. A tuned amplifier has parallel LC circuit. One branch of this parallel circuit has a capacitor of 100 pF 
and the other branch has an inductance of 1mH plus a resistance of 25 Q. Determine (7) the resonant frequency 


and (17) Q of the tank circuit. [@) 503.3 kHz (ii) 126.5] 
5. Itis desired to obtain a bandwidth of 12 kHz at an operating frequency of 800 kHz, using a double- 
tuned circuit. What value of co-efficient of coupling should be used ? [0.015] 


Discussion Questions 


. Why are tuned circuits not used for low frequency applications ? 
. Why is tuned amplifier operated in class C operation ? 

. How does coupling affect the gain of tuned amplifiers ? 

. What is the effect of O on the resonance curve ? 


. What are the practical applications of tuned amplifiers ? 
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INTRODUCTION 


n radio transmission, it is necessary to send audio 
[ses (e.g. Music, speech etc.) from a broadcasting 

tation over great distances to a receiver. This com- 
munication of audio signal does not employ any wire and 
is sometimes called wireless. The audio signal cannot be 
sent directly over the air for appreciable distance. Even 
if the audio signal is converted into electrical signal, the 
latter cannot be sent very far without employing large 
amount of power. The energy of a wave is directly pro- 
portional to its frequency. At audio frequencies (20 Hz to 
20 kHz), the signal power is quite small and radiation is 
not practicable. 


The radiation of electrical energy is practicable only 
at high frequencies e.g. above 20 kHz. The high frequency 
signals can be sent thousands of miles even with com- 
paratively small power. Therefore, if audio signal is to be 
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transmitted properly, some means must be devised which will permit transmission to occur at high 
frequencies while it simultaneously allows the carrying of audio signal. This is achieved by superim- 
posing electrical audio signal on high frequency carrier. The resultant waves are known as modu- 
lated waves or radio waves and the process is called modulation. At the radio receiver, the audio 
signal is extracted from the modulated wave by the process called demodulation. The signal is then 
amplified and reproduced into sound by the loudspeaker. In this chapter, we shall focus our attention 
on the various aspects of modulation and demodulation. 


16.1 Radio Broadcasting, Transmission and Reception 


Radio communication means the radiation of radio waves by the transmitting station, the propagation 
of these waves through space and their reception by the radio receiver. Fig. 16.1 shows the general 
principles of radio broadcasting, transmission and reception. As a matter of convenience, the entire 
arrangement can be divided into three parts viz. transmitter, transmission of radio waves and radio 
receiver. 


1. Transmitter. Transmitter is an extremely important equipment and is housed in the broad- 
casting station. Its purpose is to produce radio waves for transmission into space. The important 
components of a transmitter are microphone, audio amplifiers, oscillator and modulator (See Fig. 16.1). 


(i) Microphone. A microphone is a device which converts sound waves into electrical waves. 
When the speaker speaks or a musical instrument is played, the varying air pressure on the micro- 
phone generates an audio electrical signal which corresponds in frequency to the original signal. The 
output of microphone is fed to a multistage audio amplifier for raising the strength of weak signal. 


(ii) Audio amplifier. The audio signal from the microphone is quite weak and requires amplifi- 
cation. This job is accomplished by cascaded audio amplifiers. The amplified output from the last 
audio amplifier is fed to the modulator for rendering the process of modulation. 


AUDIO 
\\f AMPLIFIERS 


MICROPHONE 


N\\ TRANSMITTING RADIO WAVES 


AERIAL 
-- YW RECEIVING 
AERIAL 


MODULATOR RADIO 
RECEIVER 


Fig. 16.1 


OSCILLATOR 


(iii) Oscillator. The function of oscillator is to produce a high frequency signal, called a carrier 
wave. Usually, a crystal oscillator is used for the purpose. The power level of the carrier wave is 
raised to a sufficient level by radio frequency amplifier stages (not shown in Fig. 16.1). Most of the 
broadcasting stations have carrier wave power of several kilowatts. Such high power is necessary for 
transmitting the signal to the required distances. 


(iv) Modulator. The amplified audio signal and carrier wave are fed to the modulator. Here, the 
audio signal is superimposed on the carrier wave in a suitable manner. The resultant waves are called 
modulated waves or radio waves and the process is called modulation. The process of modulation 
permits the transmission of audio signal at the carrier frequency. As the carrier frequency is very 
high, therefore, the audio signal can be transmitted to large distances. The radio waves from the 
transmitter are fed to the transmitting antenna or aerial from where these are radiated into space. 
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2. Transmission of radio waves. The transmitting antenna radiates the radio waves in space 
in all directions. These radio waves travel with the velocity of light i.e. 3 x 10° m/sec. The radio 
waves are electromagnetic waves and possess the same general properties. These are similar to light 
and heat waves except that they have longer wavelengths. It may be emphasised here that radio 
waves are sent without employing any wire. It can be easily shown that at high frequency, electrical 
energy can be radiated into space. 


3. Radio receiver. On reaching the receiving antenna, the radio waves induce tiny e.m_f. in it. 
This small voltage is fed to the radio receiver. Here, the radio waves are first amplified and then 
signal is extracted from them by the process of demodulation. The signal is amplified by audio 
amplifiers and then fed to the speaker for reproduction into sound waves. 


16.2 Modulation 


As discussed earlier, a high frequency carrier wave is used to carry the audio signal. The question 
arises how the audio signal should be ‘‘added”’ to the carrier wave. The solution lies in changing 
some characteristic of carrier wave in accordance with the signal. Under such conditions, the audio 
signal will be contained in the resultant wave. This process is called modulation and may be defined 
as under : 


The process of changing some characteristic (e.g. amplitude, frequency or phase) of a carrier 
wave in accordance with the intensity of the signal is known as modulation. 


Modulation means to “change”. In modulation, some characteristic of carrier wave is changed in 
accordance with the intensity (i.e. amplitude) of the signal. The resultant wave is called modulated 
wave or radio wave and contains the audio signal. Therefore, modulation permits the transmission to 
occur at high frequency while it simultaneously allows the carrying of the audio signal. 


Need for modulation. Modulation is extremely necessary in communication system due to the 
following reasons : 


(i) Practical antenna length. Theory shows that in order to transmit a wave effectively, the 
length of the transmitting antenna should be approximately equal to the wavelength of the wave. 


velocity _ 3x10° ee 


Now, wavelength = 
frequency frequency (Hz) 


As the audio frequencies range from 20 Hz to 20 kHz, therefore, if they are transmitted directly 
into space, the length of the transmitting antenna required would be extremely large. For instance, to 
radiate a frequency of 20 kHz directly into space, we would need an antenna length of 3 x10°/20 x 10° 
= 15,000 metres. This is too long antenna to be constructed practically. For this reason, it is imprac- 
ticable to radiate audio signal directly into space. On the other hand, if a carrier wave say of 1000 
kHz is used to carry the signal, we need an antenna length of 300 metres only and this size can be 
easily constructed. 


(ii) Operating range. The energy of a wave depends upon its frequency. The greater the fre- 
quency of the wave, the greater the energy possessed by it. As the audio signal frequencies are small, 
therefore, these cannot be transmitted over large distances if radiated directly into space. The only 
practical solution is to modulate a high frequency carrier wave with audio signal and permit the 
transmission to occur at this high frequency (i.e. carrier frequency). 


(uit) Wireless communication. One desirable feature of radio transmission is that it should 
be carried without wires i.e. radiated into space. At audio frequencies, radiation is not practicable 
because the efficiency of radiation is poor. However, efficient radiation of electrical energy is pos- 
sible at high frequencies (> 20 kHz). For this reason, modulation is always done in communication 
systems. 
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16.3 Types of Modulation 


As you will recall, modulation is the process of changing amplitude or frequency or phase of a carrier 
wave in accordance with the intensity of the signal. Accordingly, there are three basic types of modu- 
lation, namely ; 


(i) amplitude modulation (ii) frequency modulation (iii) phase modulation 


In India, amplitude modulation is used in radio broadcasting. However, in television transmis- 
sion, frequency modulation is used for sound signal and amplitude modulation for picture signal. 
Therefore, our attention in this chapter shall be confined to the first two most important types of 
modulation. e 


16.4 Amplitude Modulation 


When the amplitude of high frequency carrier wave is changed in 
accordance with the intensity of the signal, it is called amplitude 
modulation. 0 


In amplitude modulation, only the amplitude of the carrier wave 
is changed in accordance with the intensity of the signal. However, 5 
the frequency of the modulated wave remains the same i.e. carrier (i) 
frequency. Fig. 16.2 shows the principle of amplitude modulation. 
Fig. 16.2 (i) shows the audio electrical signal whereas Fig. 16.2 (ii) 
shows a carrier wave of constant amplitude. Fig. 16.2 (iii) shows t 


SIGNAL 


the amplitude modulated (AM) wave. Note that the amplitudes of 0 

both positive and negative half-cycles of carrier wave are changed in 

accordance with the signal. For instance, when the signal is increas- CARRIER 
ing in the positive sense, the amplitude of carrier wave also increases. 4 (ii) 


On the other hand, during negative half-cycle of the signal, the am- 
plitude of carrier wave decreases. Amplitude modulation is done by 
an electronic circuit called modulator. 
The following points are worth noting in amplitude modulation : 

(i) The amplitude of the carrier wave changes according to the 
intensity of the signal. 


(ii) The amplitude variations of the carrier wave is at the signal 


f A.M. WAVE 
requency f. tilt 


(iii) The frequency of the amplitude modulated wave remains 
the same i.e. carrier frequency /... 


Fig. 16.2 


16.5 Modulation Factor 


An important consideration in amplitude modulation is to describe the depth of modulation i.e. the 
extent to which the amplitude of carrier wave is changed by the signal. This is described by a factor 
called modulation factor which may be defined as under : 

The ratio of change of amplitude of carrier wave to the amplitude of normal carrier wave is 
called the modulation factor m i.e. 
Amplitude change of carrier wave 


Modulation factor, m = Normal carrier amplitude (unmodulated) 


The value of modulation factor depends upon the amplitudes of carrier and signal. Fig. 16.3 
shows amplitude modulation for different values of modulation factor m. 

(i) When signal amplitude is zero, the carrier wave is not modulated as shown in Fig. 16.3 (i). 
The amplitude of carrier wave remains unchanged. 
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Amplitude change of carrier = 0 
Amplitude of normal carrier = A 
as Modulation factor, m = O0/A = 0 or 0% 
(ii) When signal amplitude is equal to the carrier amplitude as shown in Fig. 16.3 (ii), the 
amplitude of carrier varies between 2A and zero. 
Amplitude change of carrier = 2A-A =A 
Amplitude change of carrier 


Fo eee «CU AMA = lor 
Amplitude of normal carrier ; or 100 % 


Modulation factor, m = 
In this case, the carrier is said to be 100% modulated. 
Ft 
A 
+ NO SIGNAL 


CARRIER "a 
l 


CARRIER SIGNAL 
(ii) 


t 
/ > . 


CARRIER SIGNAL 
(iii) 


; i 
A 1.5A 
. ON, 7 


CARRIER SIGNAL A.M. WAVE 
(iv) 


Fig. 16.3 


+ 


>> 


> Pl 
+ 


A.M.WAVE 


(iii) When the signal amplitude is one-half the carrier amplitude as shown in Fig. 16.3 (iii), the 
amplitude of carrier wave varies between 1.5 Aand 0.5 A. 


Amplitude change of carrier = 15A-A =0.5A 
- Modulation factor,m = 0.5 A/A = 0.5 or 50% 
In this case, the carrier is said to be 50% modulated. 


(iv) When the signal amplitude is 1.5 times the carrier amplitude as shown in Fig. 16.3 (iv), the 
maximum value of carrier wave becomes 2.5 A. 


Amplitude change of carrier wave = 2.55A-A = 1.5A 
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Modulation factor, m = —— = 1.5 or 150 % 


In this case, the carrier is said to be 150% modulated i.e. over-modulated. 


Importance of modulation factor. Modulation factor is very important since it determines the 
strength and quality of the transmitted signal. In an AM wave, the signal is contained in the variations 
of the carrier amplitude. When the carrier is modulated to a small degree (i.e. small m), the amount 
of carrier amplitude variation is small. Consequently, the audio signal being transmitted will not be 
very strong. The greater the degree of modulation (i.e. m), the stronger and clearer will be the audio 
signal. It may be emphasised here that if the carrier is overmodulated (i.e. m > 1), distortion will occur 
during reception. This condition is shown in Fig. 16.3 (iv). The AM waveform is clipped and the 
envelope is discontinuous. Therefore, degree of modulation should never exceed 100%. 


Example 16.1. If the maximum and minimum voltage of an AM wave are Vand V 


max min FESPec- 
tively, then show that modulation factor m is given by : 


Vinas -_ Veg n 


n= 
V ae es V ae 


Solution. Fig. 16.4 shows the waveform of amplitude modulated wave. Let the amplitude of the 
normal carrier wave be E,.. Then, it is clear from Fig. 16.4 that : 
V nis uy Vath 
2 
If E, is the signal amplitude, then it is clear from Fig. 16.4 that : 


Eo = 


But 


V. Vv. V+ V.. V, 
Or TTS SOM OFS rH EOOoO _ 
2 2 Vig Va 


ax V ni n 


Example 16.2. The maximum peak-to-peak voltage of an AM wave is 16 mV and the minimum 
peak-to-peak voltage is 4 mV. Calculate the modulation factor. 
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Solution. Fig. 16.5 shows the conditions of the problem. 


Maximum voltage of AM wave is 
16 


Vmax = > = 8mV 
Minimum voltage of AM wave is \/ 4mV 
4 
ar = 2 = 2mvV 
Modulation factor, m = Vmax — min . 

Vg Vee Fig. 16.5 

_ 8-2 _ 6 _ 9¢ 
8+2 10 


Example 16.3. A carrier of 1OOV and 1200 kHz is modulated by a 50 V, 1000 Hz sine wave 
signal. Find the modulation factor. 
Solution. 
E; — 50V 


Modulation factor, m = — 


= —_ = 05 
E.  100V 


16.6 Analysis of Amplitude Modulated Wave 


A carrier wave may be represented by : 


é. = E,cosm.t 
where é. = instantaneous voltage of carrier 
E~ = amplitude of carrier 
oO. = 20f. 


= angular velocity at carrier frequency f, 


In amplitude modulation, the amplitude FE, of the carrier wave is varied in accordance with the 
intensity of the signal as shown in Fig. 16.6. Suppose the modulation factor is m. It means that signal 
produces a maximum change of m E- in the carrier amplitude. Obviously, the amplitude of signal is 
m E.. Therefore, the signal can be represented by : 


é. = mE-cosa@.t 
where é, = instantaneous voltage of signal 
mE > = amplitude of signal 


S 
I 


2nf, = angular velocity at signal frequency f, 


caNG Aa 


SIGNAL 


CARRIER 


A.M.WAVE 


Fig. 16.6 
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The amplitude of the carrier wave varies at signal frequency f.. Therefore, the amplitude of AM 
wave is given by: 


Amplitude of AM wave = E.+ mE.cosw,t = E.(1+mcoso, t) 


The instantaneous voltage of AM wave is: 


e Amplitude x cos 0, t 


E- (1 +m cos ©, t) cos 0. t 


Ecos @,.t+m Ecos ®t cos w, t 


mE o 
= E.coso,.t+ 5 (2 cos Wf COS W, ft) 
mE P 
= E-cos@,.t+ 5 [cos (W,. + W,) f+ cos (W, — 0,) f]* 
mE mE 
= E-cos@,.t+ 5 COs (MW. + WO.) t+ 5 COs (MW. — W,) f 


The following points may be noted from the above equation of amplitude modulated wave: 


(i) The AM wave is equivalent to the summation of three sinusoidal waves; one having ampli- 
tude E.and frequency **f,, the second having amplitude mE_/2 and frequency (f. + f,) and the third 
having amplitude mE,/2 and frequency f.— f. 


(11) The AM wave contains three frequencies viz f., f.+f,andf.—f,. The first frequency is the 
carrier frequency. Thus, the process of modulation does not change the original carrier frequency but 
produces two new frequencies (f, + f.) and (f, — f.) which are called sideband frequencies. 


(tii) The sum of carrier frequency and signal frequency i.e. (f. + f.) is called upper sideband 
frequency. The lower sideband frequency is f. — f, i.e. the difference between carrier and signal 
frequencies. 


16.7 Sideband Frequencies in AM Wave 


In an amplitude modulated wave, the sideband fre- e 
quencies are of our interest. It is because the signal 
frequency f, is contained in the sideband frequen- 
cies. Fig. 16.7 shows the frequency spectrum of an 
amplitude modulated wave. The frequency com- 
ponents in the AM wave are shown by vertical lines. 
The height of each vertical line is equal to the am- 
plitude of the components present. It may be added 
here that in practical radio transmission, carrier fre- 
quency f. is many times greater than signal fre- 
quency f.. Hence, the sideband frequencies are gen- ) fF f fay 
erally close to the carrier frequency. It may be seen FREQUENCY 

that a carrier modulated by a single frequency is 
equivalent to three simultaneous signals; the car- 


Fig. 16.7 


* From trigonometry, we have the expansion formula : 
2cosAcosB = cos (A+8)+cos (A-B) 


[ oO, + @ a 
oe f= = f.+f, = ie os = = S 
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rier itself and two other steady frequencies i.e. f. +f and f, —f. 

Let us illustrate sideband frequencies with an example. Suppose the carrier frequency is 400 
kHz and the signal frequency is 1 kHz. The AM wave will contain three frequencies viz 400 kHz, 401 
kHz and 399 kHz. It is clear that upper sideband frequency (401 kHz) and lower sideband frequency 
(399 kHz) are very close to the carrier frequency (400 kHz). 

Bandwidth. Inan AM wave, the bandwidth is from (f. —f,) to f. +f.) ie., 2f,. Thus in the above 
example, bandwidth is from 399 to 401 kHz or 2 kHz which is twice the signal frequency. Therefore, 
we arrive at a very important conclusion that in amplitude modulation, bandwidth is twice the signal 
frequency. The tuned amplifier which is called upon to amplify the modulated wave must have the 
required bandwidth to include the sideband frequencies. If the tuned amplifier has insufficient band- 
width, the upper sideband frequencies may not be reproduced by the radio receiver. 


Example 16.4. A 2500 kHz carrier is modulated by audio signal with frequency span of 50 — 
15000 Hz. What are the frequencies of lower and upper sidebands ? What bandwidth of RF ampli- 
fier is required to handle the output ? 


Solution. The modulating signal (e.g. music) has a range of 0.05 to 15 kHz. The sideband 
frequencies produced range from f. + 0.05 kHz to f. + 15 kHz. Therefore, upper sideband ranges 
from 2500.05 to 2515 kHz and lower sideband ranges from 2499.95 to 2485 kHz. 


The sideband frequencies produced can be approximately expressed as 2500 + 15 kHz. There- 
fore, bandwidth requirement = 2515 — 2485 = 30 kHz. Note that bandwidth of RF amplifier required 
is twice the frequency of highest modulating signal frequency. 


16.8 Transistor AM *Modulator 


Fig. 16.8 shows the circuit of a simple AM modulator. It is essentially a CE amplifier having a 
voltage gain of A. The carrier signal is the input to the amplifier. The modulating signal is applied in 
the emitter resistance circuit. 


+Voc 


o 


fy 


CARRIER 


A circuit which does amplitude modulation is called AM modulator. 
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Working. The carrier e. is applied at the input of the amplifier and the modulating signal e, is 
applied in the emitter resistance circuit. The amplifier circuit amplifies the carrier by a factor “A” so 
that the output is Ae... Since the modulating signal is a part of the biasing circuit, it produces low- 
frequency variations in the emitter circuit. This in turn causes *variations in “A”. The result is that 
amplitude of the carrier varies in accordance with the strength of the signal. Consequently, amplitude 
modulated output is obtained across R,. It may be noted that carrier should not influence the voltage 
gain A; only the modulating signal should do this. To achieve this objective, carrier should have a 
small magnitude and signal should have a large magnitude. 


Example 16.5. An AM wave is represented by the expression : 
v=5(1 +0.6 cos 6280 t) sin 211 x 10° t volts 
(i) What are the minimum and maximum amplitudes of the AM wave ? 


(ii) What frequency components are contained in the modulated wave and what is the ampli- 
tude of each component? 


Solution. 

The AM wave equation is givenby: v = 5(1+0.6 cos 6280 #) sin 211 x 10° ¢ volts (1) 
Compare it with standard AM wave eq., v = E.(1+mcos@.t) sin@.t ..(iL) 

From eqs. (i) and (ii) , we get, E. = carrier amplitude = 5 V 


m = modulation factor = 0.6 
f, = signal frequency = w/2n = 6280/2n = 1 kHz 
f. = carrier frequency = 0 /2m= 211 x 10°/2 = 336 kHz 
({) Minimum amplitude of AM wave = E.-mE,=5-0.6x5=2V 
Maximum amplitude of AM wave = E,.+mE,=5+0.6x5=8V 


ia) 


(ii) The AM wave will contain three frequencies viz. 


7 “i : ie ip +f; 

or 336-1, 336 , 336 + | 
or 335 kHz, 336 kHz, 337 kHz 
The amplitudes of the three components of AM wave are : 

mE - mE ¢ 

2. * = Z 

0.6 x5 5 0.6 x5 
or 7 , 7 
or 1.3.V, 5 V, 15 V 


Example 16.6. A sinusoidal carrier voltage of frequency 1 MHz and amplitude 100 volts is 
amplitude modulated by sinusoidal voltage of frequency 5 kHz producing 50% modulation. Calcu- 
late the frequency and amplitude of lower and upper sideband terms. 


Solution. 


Frequency of carrier, f. 1 MHz = 1000 kHz 


| 
Wr 
~ 
ae 
N 


Frequency of signal, f. = 


T 
— 
>) 
aS 
T 
i) 
Nn 


Modulation factor, m 
The principle of this circuit is to change the gain A (and hence the amplitude of carrier) by the modulat- 
ing signal. 
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Amplitude of carrier, E. = 100 V 
The lower and upper sideband frequencies are : 


f.-f, and fi.tf, 


or (1000 -5)kHz and (1000+5) kHz 
or 995 kHz and 1005 kHz 

E | 
Agaiudecteacnededem & os = | etsy 


Example 16.7. A carrier wave of frequency 10 MHz and peak value 10V is amplitude modu- 
lated by a 5- kHz sine wave of amplitude 6V. Determine (i) modulation factor (ii) sideband frequen- 
cies and (iii) amplitude of sideband components. Draw the frequency spectrum. 

Solution. 

Carrier amplitude, E. = 10V 
Signal amplitude, FE; = 6V 
Carrier frequency, f. = 10 MHz 
Signal frequency, f. = 5 kHz =0.005 MHz 


S 


E, 6 
(1) Modulation factor, m = E- = 10 = 0.6 
(ii) Sideband frequencies are : 10 
lle deta FREQUENCY (MHz) 
10—0.005 ; 10+0.005 Fig. 16.9 
9.995 MHz ; 10.005 MHz 
E 
(iii) Amplitude of each sideband = SS c= “ox = =3V 


Fig. 16.9 shows the frequency spectrum of the A.M. wave. 


16.9 Power in AM Wave 


The power dissipated in any circuit is a function of the square of voltage across the circuit and the 
effective resistance of the circuit. Equation of AM wave reveals that it has three components of 
amplitude E..,mE./2 and mE, /2. Clearly, power output must be distributed among these components. 


Carrier power, Po 


R 2R 
2 2 
(m E,./2V2) (mE, /2y2 
Total power of sidebands, P, = ——- + — >= —— 
Dr sd 2 oe?) 
m Eo Ec _ im Ec (ii 
SR SR 4R ~ 


Total power of AM wave, P, = P.+P, 


r.m.s. values are considered. 
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dee 
- OR AR aR | lt 
E-. 2 za m’ | oa 
or Py = oR? 2” ..(ill) 
Fraction of total power carried by sidebands is 
P E oe 2 
25 ase ERD) (iv) 


P, Exp. (iii) 0 4 op? 
As the signal is contained in the sideband frequencies, therefore, useful power is in the side- 
bands. Inspection of exp. (iv) reveals that sideband power depends upon the modulation factor m. 


The greater the value of m, the greater is the useful power carried by the sidebands. This emphasises 
the importance of modulation factor. 


(i) When m=(Q, power carried by sidebands = 07/2+0° = 0 
(ii) When m= 0.5, power carried by sidebands 


(0.5) 
= ———, = 11.1 % of total power of AM wave 
2 + (0.5) 
(iit) When m= 1, power carried by sidebands 
(1)" 
= > = 33.3% of total power of AM wave 
2 + (1) 


As an example, suppose the total power of an AM wave is 600 watts and modulation is 100%. 
Then sideband power is 600/3 = 200 watts and carrier power will be 600 — 200 = 400 watts. 


The sideband power represents the signal content and the carrier power is that power which is 
required as the means of transmission. 


E-. mE 
Js. ee. = C 
Note. Po = aR and P, = ap 
ene Oe 
P.. y) 
oe” 
or Py, = 5m Po ..(V) 


Expression (v) gives the relation between total sideband power (P,) and carrier power ( P-.). 


16.10 Limitations of Amplitude Modulation 
Although theoretically highly effective, amplitude modulation suffers from the following drawbacks: 


(i) Noisy reception. In an AM wave, the signal is in the amplitude variations of the carrier. 
Practically all the natural and man made noises consist of electrical amplitude disturbances. As a 
radio receiver cannot distinguish between amplitude variations that represent noise and those that 
contain the desired signal, therefore, reception is generally noisy. 


(i) Low efficiency. In amplitude modulation, useful power is in the sidebands as they contain 
the signal. As discussed before, an AM wave has low sideband power. For example, if modulation is 
100%, the sideband power is only one-third of the total power of AM wave. Hence the efficiency of 
this type of modulation is low. 
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(ui) Small operating range. Due to low efficiency of amplitude modulation, transmitters em- 
ploying this method have a small operating range i.e. messages cannot be transmitted over larger 
distances. 

(iv) Lack of audio quality. This is a distinct disadvantage of amplitude modulation. In order to 
attain high-fidelity reception, all audio frequencies up to 15 kHz must be reproduced. This necessi- 
tates bandwidth of 30 kHz since both sidebands must be reproduced. But AM broadcasting stations 
are assigned bandwidth of only 10 kHz to minimise the interference from adjacent broadcasting 
stations. This means that the highest modulating frequency can be 5 kHz whichis hardly sufficient to 
reproduce the music properly. 

Example 16.8. A carrier wave of 500 watts is subjected to 100% amplitude modulation. 
Determine : 
(t) powerin sidebands (ii) power of modulated wave. 


Solution. 

(i) Sideband power, P, = s m°P, = +x 500 = 250 W 
Thus there are 125 W in upper sideband and 125 W in lower sideband. 

(ii) Power of AM wave, P, = Po+P, = 500+ 250 = 750 W 


Example 16.9. A 50 kW carrier is to be modulated to a level of (i) 80% (ii) 10%. What is the 
total sideband power in each case ? 


Solution. (i) P= 5m Pe = 5 (0.8)° x50 = 16kW 
be i a ee | 2 
(it) P. = 5m Po = 5 (0.1)° x50 = 0.25 kW 


Note the effect of modulation factor on the magnitude of sideband power. In the first case 
(m= 80%), we generated and transmitted 50 kW carrier in order to send 16 kW of intelligence. In the 
second case (m = 10%), the same carrier level — 50 kW — is used to send merely 250 W of intelli- 
gence. Clearly, the efficiency of operation decreases rapidly as modulation factor decreases. For this 
reason, in amplitude modulation, the value of m is kept as close to unity as possible. 

Example 16.10. A 40kW carrier is to be modulated to a level of 100%. 

(i) What is the carrier power after modulation ? 
(ii) How much audio power is required if the efficiency of the modulated RF amplifier is 72% ? 


Solution. Fig. 16.10 shows the block diagram indicating the power relations. 
(i) Since the carrier itself is unaffected by the modulating signal, there is no change in the 
carrier power level. 


CARRIER (40 kW) 


RF EXCITATION 
SIDEBAND (20kW) 


MODULATED RF 
AMPLIFIER 
Y= 72% 


AUDIO MODULATION 
POWER 


Fig. 16.10 
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P. = 40kW 
; Ps =a) 40 Eo 
(ii) Po = 5m c= 4 = 20kW 
P 
Pp = — = _978Kw 


ago 0.72 0.72 
Example 16.11. An audio signal of 1 kHz is used to modulate a carrier of 500 kHz. Determine 
(i) sideband frequencies (ti) bandwidth required. 
Solution. Carrier frequency, f. = 500 kHz 
Signal frequency, f. = 1 kHz 
e As discussed in Art. 16.6, the AM wave has sideband frequencies of ( f.+/,) and (f. —f,). 
Sideband frequencies = (500 + 1) kHz and (500 — 1) kHz 
= 501 kHz and 499 kHz 
(ii) Bandwidth required = 499 kHz to 501 kHz = 2 kHz 


Example 16.12. The load current in the transmitting antenna of an unmodulated AM transmitter 
is 8A. What will be the antenna current when modulation is 40% ? 


Solution. Py = =m P.. 


Pa = PetP.= ee) 


FP as jg 
P. 2 
2 
eee = j+— 
ss | 


Given that. = 8A; m = 0.4 


8 
or (1,/8)” = 1.08 
or I, = 8V1.08 = 8.31A 


Example 16.13. The antenna current of an AM transmitter is 8A when only carrier is sent but it 
increases to 8.93A when the carrier is sinusoidally modulated. Find the % age modulation. 


Solution. As shown in example 16.12, 


2 
| = J+ m 
I pi 
Given that J, 8.93 A; 1.=8A;m = ? 


(893) = ain. 


8 2 
or 1.246 = 1+m’7/2 
or m/2 = 0.246 


lI 
NS) 
x 
oO 
we) 
5S 
ON 


or m = (0.701 = 70.1% 
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Example 16.14. The rm.s. value of carrier voltage is 100 V. After amplitude modulation by a 
sinusoidal a.f. voltage, the r.m.s. value becomes 110 V. Calculate the modulation index. 


P mn” 
Solution. - ee 
P. 2 
2 2 
or vp a ee 
Vo 2 
Given that V, = 110V; V. = 100V; m=? 
2 2 
(ie) yg me 
100 Z 
1.21 m 
Or ; = | + —— 
2 
or m/2 = 0.21 


or m = 0.21 x 2 = 0.648 


Example 16.15. An AM wave consists of the following components : 
Carrier component = 5 V peak value 
Lower sideband component = 2.5 V peak value 
Upper sideband component = 2.5 V peak value 
If the AM wave drives a 2 kQ resistor, find the power delivered to the resistor by (1) carrier (ti) 
lower sideband component and (iti) upper sideband component. What is the total power delivered? 


Solution. Fig. 16.11 (i) shows the frequency spectrum of AM wave whereas Fig. 16.11 
(ii) shows the equivalent circuit. 
(r.m.s. voltage)” _ (0.707 x peak value)” 
R ; R 
(t) Power delivered by the carrier, P. = oe = 6.25 mW 


(it) Power delivered by lower sideband component is 


_ (0.707 x 2.5)” 
lower ~— 2000 


Power = 


a = 1.562 mW 


2.5 V PEAK 


[Ld 
UPPER SIDE BAND 


5 V PEAK 


| CARRIER _ 
CARRIER @ SLO 


2.5 V PEAK 


LOWER SIDE BAND 


(7) (ii) 
Fig. 16.11 
(iit) Power delivered by upper sideband component is 
y 
pg £0107 X25)" = 1.562 mw 


ss 2000 
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Total power delivered by the AM wave = 6.25 + 1.562 + 1.562 = 9.374 mW 


16.11 Frequency Modulation (FM) 


When the frequency of carrier wave is changed in accordance with the intensity of the signal, it is 
called frequency modulation (FM). 


In frequency modulation, only the frequency of the carrier wave is changed in accordance with 
the signal. However, the amplitude of the modulated wave remains the same i.e. carrier wave ampli- 
tude. The frequency variations of carrier wave depend upon the instantaneous amplitude of the signal 
as shown in Fig. 16.12 (iii). When the signal voltage is zero as at A, C, E and G, the carrier frequency 
is unchanged. When the signal approaches its positive peaks as at B and F, the carrier frequency is 
increased to maximum as shown by the closely spaced cycles. However, during the negative peaks of 
signal as at D, the carrier frequency is reduced to minimum as shown by the widely spaced cycles. 


B F 
2 SIGNAL 
Cc E G 
D 
(7) 
CARRIER 
FM DEVIATION 30 kHz 
(ii) 
100 kHz 
«— CARRIER = 
CENTRE 
F.M. WAVE FREQUENCY 
100 130 100 70 100 
kHz kHz kHz kHz kHz 
ae Oe oS FM Signal 
(iil) 
Fig. 16.12 Fig. 16.13 


Illustration. The process of frequency modulation (FM) can be made more illustrative if we 
consider numerical values. Fig. 16.13 shows the FM signal having carrier frequency f, = 100 kHz. 
Note that FM signal has constant amplitude but varying frequencies above and below the carrier 
frequency of 100 kHz (=/,). For this reason, f. (= 100 kHz) is called centre frequency. The changes in 
the carrier frequency are produced by the audio-modulating signal. The amount of change in fre- 
quency from f,. (= 100 kHz) or frequency deviation depends upon the amplitude of the audio-modu- 
lating signal. The frequency deviation increases with the increase in the modulating signal and vice- 
versa. Thus the peak audio voltage will produce maximum frequency deviation. Referring to Fig. 
16.13, the centre frequency is 100 kHz and the maximum frequency deviation is 30 kHz. The follow- 
ing points about frequency modulation (FM) may be noted carefully : 

(a) The frequency deviation of FM signal depends on the amplitude of the modulating signal. 

(b) The centre frequency is the frequency without modulation or when the modulating voltage is 

zero. 

(c) The audio frequency (i.e. frequency of modulating signal) does not determine frequency 

deviation. 

Advantages : The following are the advantages of FM over AM : 
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(i) It gives noiseless reception. As discussed before, noise is a form of amplitude variations and 
a FM receiver will reject such signals. 


(ii) The operating range is quite large. 
(iii) It gives high-fidelity reception. 
(iv) The efficiency of transmission is very high. 


16.12 Theory of Frequency Modulation (FM) 


In frequency modulation (FM), the amplitude of the carrier is kept constant but the frequency f, of the 
carrier is varied by the modulating signal. The carrier frequency f, varies at the rate of the *signal 
frequency f, ; the frequency deviation being proportional to the instantaneous amplitude of the modu- 
lating signal. Note that maximum frequency deviation 1s (f, (4,)—f,) and occurs at the peak voltage of 
the modulating signal. Suppose we modulate a 100 MHz carrier by 1V, 1 kHz modulating signal and 
the maximum frequency deviation is 25 kHz. This means that the carrier frequency will vary sinusoi- 
dally between (100 + 0.025) MHz and (100 — 0.025) MHz at the rate of 1000 times per second. If the 
amplitude of the modulating signal is increased to 2V, then the maximum frequency deviation will be 
50 kHz and the carrier frequency will vary between (100 + 0.05) MHz and (100 — 0.05) MHz at the 
rate of 1000 times per second. 


Suppose a modulating sine-wave signal e, (= E, cos , f) 
is used to vary the carrier frequency f.. Let the change in 
carrier frequency be ke, where k is a constant known as the 
frequency deviation constant. The instantaneous carrier fre- 


quency f, is given by ; 
fi = f.tke, 


= f.+kE,coso,.t 
A graph of f, versus time is shown in Fig. 16.14. It is 
important to note that it is frequency-time curve and not 
amplitude-time curve. The factor k E, represents the maxi- 
mum frequency deviation and is denoted by Afi.e. 


Max. frequency deviation, Af = **kE, 

o f, = 7. + A fcos QO, t Fig. 16.14 

Equation of FM wave. In frequency modulation, the 
carrier frequency is varied sinusoidally at signal frequency. The instantaneous deviation in frequency 
from the carrier is proportional to the instantaneous amplitude of the modulating signal. Thus the 


instantaneous angular frequency of FM is given by ; 
w, = W,+AW.cos We 


Total phase angle 9 = of so that if w is variable, then, 
t 

Jo, dt 

0 


t 
Jo. + Aw, cos , t) dt 


S) 


* Note this point. It means that modulating frequency is the rate of frequency of deviations in the RF 
carrier. For example, all signals having the same amplitude will deviate the carrier frequency by the same 
amount, say 50 kHz, no matter what their frequencies. On similar lines, all signals of the same frequency, 
say, 3 kHz, will deviate the carrier at the same rate of 3000 times per second, no matter what their 
individual amplitudes. 

*** Note that k is in kHz or MHz per volt. 


428 @ Principles of Electronics 


AO. . 
0 = t+ “sin@ ¢ 


s 


Ao. . Le 
The term 7m £ is called modulation index m if 


S 


QO = Of+m,sin Wt 
The instantaneous value of FM voltage wave is given by ; 
e = E.cos® 
or eé = Ecos (OD, f+ m,sin O, t) .(L) 
Exp. (i) is the general voltage equation of a FM wave. The following points may be noted carefully : 
(i) The modulation index m 1S the ratio of maximum frequency deviation (Af) to the frequency 
(=f,) of the modulating signal i.e. 


; ; Aw, — fecmax) ~ Se _ Af 
Modulation index, mM, = 0. — f f. 


(ii) Unlike amplitude modulation, the modulation index (m,) for frequency modulation can be 
greater than unity. 


Frequency Spectrum. It requires advanced mathematics to derive the spectrum of FM wave. 
We will give only the results without derivation. If f, and f, are the carrier and signal frequencies 
respectively, then FM spectrum will have the following frequencies : 


fo 3s fcthe 3 fot2f, 3 fo +3f, and soon. 
Note that f.+ fi. fot 2f. fot 3fe vv are the upper sideband frequencies while f.—f,, f. — 2f,, 
| Pie) Pee are the lower sideband frequencies. 
Example 16.16. A frequency modulated voltage wave is given by the equation : 
e = IZ cos(6 x 10°t + 5 sin 1250 t) 
Find (i) carrier frequency (ti) signal frequency (iii) modulation index (iv) maximum frequency 
deviation (v) power dissipated by the FM wave in 10-ohm resistor. 
Solution. The given FM voltage wave is 
e = 12cos(6x 10°t+5 sin 1250 2) ..(i) 
The equation of standard FM voltage wave is 


e = E.cos(@,.t+ My sin @, t) ..(iL) 
Comparing eqs. (i) and (ii), we have, 
8 
ww 

(i) Carrier frequency, f. = on = — = 95.5 x 10° Hz 

vs _ , _ 1250 _ 
(it) Signal frequency, f, = OR 199 Hz 
(tit) Modulation index, Mp = 5 


(iv) Max. frequency deviation, Af = m,x f,=5 x 199 = 995 Hz 
2 7 
a im = ow 


R 


Example 16.17. A 25 MHz carrier is modulated by a 400 Hz audio sine wave. If the carrier 
voltage is 4V and the maximum frequency deviation is 10 kHz, write down the voltage equation of the 
I'M wave. 


Solution. The voltage equation of the FM wave is 


(v) Power dissipated, P 


e = E.cos(,t+ m, Sin o,f) 


Modulation And Demodulation @ 429 


Qn f, = 2m x 25 x 10° = 1.57 x 10° rad/s 
2m f= 2m x 400 = 2513 rad/s 
Af _10kHz _ 10x10° Hz 
“i ~ f.~ 400Hz  — 400Hz 

4 cos (1.57 x 10°44 25 sin 25134) Ans. 


Example 16.18. Calculate the modulation index for an FM wave where the maximum fre- 
quency deviation is 50 kHz and the modulating frequency is 5 kHz. 


Here . 


6) 


= 25 


e 


Solution. 
Max. frequency deviation, Af = 50 kHz 
Modulating frequency, f, = 5 kHz 
Af _ 50 kHz 


Modulation index, Mp = f. ~ 5kHz = 10 


Example 16.19. The carrier frequency in an FM modulator is 1000 kHz. If the modulating 
frequency is 15 kHz, what are the first three upper sideband and lower sideband frequencies ? 
Solution. 
Carrier frequency, f, = 1000 kHz 
Modulating frequency, f. = 15 kHz 
Upper sideband frequencies 


fith 3 fet 2 ; fey 

1000+15 ; 1000+2x15 ; 1000 + 3 x 15 

1015 kHz =; 1030 kHz : 1045 kHz 
Lower sideband frequencies 

fo—Ss . G2), 5 fe 3S; 

1000-15; 1000-2x 15 ; 1000 —3 x 15 

985 kHz 970 kHz ; 955 kHz 


Example 16.20. The carrier and modulating frequencies of an FM transmitter are 100 MHz 
and 15 kHz respectively. If the maximum frequency deviation is 75 kHz, find the bandwidth of FM 
signal. 

Solution. To calculate the exact bandwidth of an FM signal, it requires the use of advanced 
mathematics (Bessel functions) which is beyond the level of this book. However, the bandwidth of an 
FM signal is approximately given by ; 

Bandwidth,BW = 2[Af+f.] =2 [75 + 15] = 180 kHz 

Example 16.21. In a frequency modulated wave, frequency deviation constant is 75 kHz/volt 
and the signal amplitude is 2V. Find the maximum frequency deviation. 

Solution. 

Frequency deviation constant, k= 75 kHz/V 
2V 
Max. frequency deviation, Af = k E,=75 x 2= 150 kHz 


Example 16.22. In an FM system, when the audio frequency (AF) is 500 Hz and the AF voltage 
is 2.4V, the frequency deviation is 4.8 kHz. If the AF voltage is now increased to 7.2V, what is the new 
frequency deviation? If the AF voltage is raised to 1OV while the AF is dropped to 200 Hz, what is the 
deviation? Find the modulation index in each case. 


Amplitude of signal, E, 
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Solution. 
We know that : 
Frequency deviation, Af, = kE 


Frequency deviation constant, k = E94 =2kHz/V 


For EF, = 7.2V, Af, =2 x 7.2 = 14.4 kHz 

For E, = 10V, Af,=2 x 10 = 20 kHz 
The answer of 20 kHz shows that deviation is independent of modulating frequency. 
The modulation indices in the three cases are : 


Af, _ 4. 

Mp = ie ~~ 0.5 = 9.6 
Af, _ 14.4 

Mp = ie _ 0.5 = 28.8 
A 20 
Af =7, = 100 


oe ee. OD 
It is important to note that for calculating modulation index, the modulating frequency change 
had to be taken into account in the third case. 


16.13 Comparison of FM and AM 


The comparison of FM and AM 1s given in the table below. 


The amplitude of carrier remains constant | The amplitude of carrier changes with 
with modulation. modulation. 


The carrier frequency changes with modu- | The carrier frequency remains constant with 
lation. modulation. 


. | The carrier frequency changes according to | The carrier amplitude changes according to 
the strength of the modulating signal. the strength of the modulating signal. 
The value of modulation index (™m,) can be | The value of modulation factor (m) cannot 
more than 1. be more than | for distortionless AM 
signal. 


16.14 Demodulation 


The process of recovering the audio signal from the modulated wave is known as demodulation or 
detection. 

At the broadcasting station, modulation is done to transmit the audio signal over larger distances 
to a receiver. When the modulated wave is picked up by the radio receiver, it is necessary to recover 
the audio signal from it. This process is accomplished in the radio receiver and is called demodula- 
tion. 


Necessity of demodulation. It was noted previously that amplitude modulated wave consists of 
carrier and sideband frequencies. The audio signal is contained in the sideband frequencies which 
are radio frequencies. If the modulated wave after amplification is directly fed to the speaker as 
shown in Fig. 16.15, no sound will be heard. It is because diaphragm of the speaker is not at all able 
to respond to such high frequencies. Before the diaphragm is able to move in one direction, the rapid 
reversal of current tends to move it in the opposite direction 1.e. diaphragm will not move at all. 
Consequently, no sound will be heard. 
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RECEIVING 
AERIAL 


STATION AF. 
SELECTOR AMPLIFIER 


Fig. 16.15 


NO SOUND 


From the above discussion, it follows that audio signal must be separated from the carrier at a 
suitable stage in the receiver. The recovered audio signal is then amplified and fed to the speaker for 
conversion into sound. 


16.15 Essentials in Demodulation 


In order that a modulated wave is audible, it is necessary to change the nature of modulated wave. 
This is accomplished by a circuit called detector. A detector circuit performs the following two 
functions : 


(i) Itrectifies the modulated wave i.e. negative half 
of the modulated wave is eliminated. As shown in Fig. 
16.16 (i), a modulated wave has positive and negative 
halves exactly equal. Therefore, average current is zero 
and speaker cannot respond. If the negative half of this 
modulated wave is eliminated as shown in Fig. 16.16 (ii), 
the average value of this wave will not be zero since the 
resultant pulses are now all in one direction. The average 
value is shown by the dotted line in Fig. 16.16 (ii). There- 
fore, the diaphragm will have definite displacement cor- 
responding to the average value of the wave. It may be 
seen that shape of the average wave is similar to that of 
the modulation envelope. As the signal is of the same 
shape as the envelope, therefore, average wave shape is 
of the same form as the signal. 


HALF 


(1) It separates the audio signal from the carrier. 
The rectified modulated wave contains the audio signal 
and the carrier. It is desired to recover the audio signal. 
This is achieved by a filter circuit which removes the car- (ii) 
rier frequency and allows the audio signal to reach the Fig. 16.16 
load i.e.speaker. 


16.16 A.M. Diode Detector 


Fig. 16.17 shows a simple detector circuit employing vacuum diode and filter circuit. The modulated 
wave of desired frequency is selected by the parallel tuned circuit L,C, and is applied to the vacuum 
diode. During the positive half-cycles of modulated wave, the diode conducts while during negative 
half-cycles, it does not. The result of this rectifying action is that output of the diode consists of 
positive half-cycles of modulated wave as shown. 
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SPEAKER 


RECTIFIED AUDIO 
a Ne CURRENT PULSES OUTPUT 


Fig. 16.17 


The rectified modulated wave contains radio frequency and the signal and cannot be fed to the 
speaker for sound reproduction. If done so, no sound will be heard due to the inertia of speaker 
diaphragm. The vf. component is filtered by the capacitor C shunted across the speaker. The value of 
this capacitor is sufficiently large to present low reactance to the r.f. component while presenting a 
relatively high reactance to the audio signal. The result is that the r.f. component is bypassed by the 
capacitor C and the signal is passed on to the speaker for sound reproduction. 


Note. If vacuum diode is replaced by a crystal diode, the circuit becomes crystal diode detector. 


16.17 A.M. Radio Receivers 


A radio receiver is a device which reproduces the modulated or radio waves into sound waves. In 
India, only amplitude modulation is used for radio transmission and reception. Therefore, such radio 


In a studio at the radio sta- 
tion programme presenter 
talks into a microphone. 


The combined signals 
are turned into radio 
waves for transmission 
v from an antenna. > 


The microphone turns 
sound waves into a vi- 
brating electrical sig- 


nal. v 


This signal is combined 
with another signal, that 
vibrates very rapidly. 


An amplifier boosts the sound sig- 
nal for loudspeakers, which turns 
the signal back into sound. W 


it 


A “i 
, - A | A The sound signal is 
The radio signal travels through the air and is A tuning circuit s€e- gecoded from the 
detected by ail radio aerials within the range i lects the radio sig- ¢ombined signal. 


of the transmitter. nal for decoding. 
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receivers are called A.M. radio receivers. In order to reproduce the A.M. wave into sound waves, 
every radio receiver must perform the following functions : 


(i) The receiving aerial must intercept a portion of the passing radio waves. 

(ti) The radio receiver must select the desired radio wave from a number of radio waves inter- 
cepted by the receiving aerial. For this purpose, tuned parallel LC circuits must be used. These 
circuits will select only that radio frequency which is in resonant with them. 

(iii) The selected radio wave must be amplified by the tuned frequency amplifiers. 

(ivy) The audio signal must be recovered from the amplified radio wave. 

(v) The audio signal must be amplified by suitable number of audio-amplifiers. 

(vt) The amplified audio signal should be fed to the speaker for sound reproduction. 


16.18 Types of A.M. Radio Receivers 


A.M. radio receivers can be broadly classified into two types viz., straight radio receiver and 
superhetrodyne radio receiver. The former was used in the early days of radio communication. 
However at present, all radio receivers are of superhetrodyne type. 


1. Straight radio receiver. Fig. 16.18 shows the block diagram of a straight radio receiver. 
The aerial is receiving radio waves from different broadcasting stations. The desired radio wave is 
selected by the R.F. amplifier which employs a tuned parallel circuit. The selected radio wave is 
amplified by the tuned r.f. amplifiers. The amplified radio wave is fed to the detector circuit. This 
circuit extracts the audio signal from the radio wave. The output of the detector is the audio signal 
which is amplified by one or more stages of audio-amplification. The amplified audio signal is fed to 
the speaker for sound reproduction. 


R.F. AMPLIFIER 
AF. 
L DETECTOR AMPLIFIER 


Fig. 16.18 


Limitations. 


(i) In straight radio receivers, tuned circuits are used. As it is necessary to change the value of 
variable capacitors (gang capacitors) for tuning to the desired station, therefore, there is a consider- 
able variation of Q between the closed and open positions of the variable capacitors. This changes 
the sensitivity and selectivity of the radio receivers. 


(ii) There is too much interference of adjacent stations. 


2. Superhetrodyne receiver. The shortcomings of straight radio receiver were overcome by 
the invention of superhetrodyne receiver by Major Edwin H. Armstrong during the First World War. 
At present, all modern receivers utilise the superhetrodyne circuit. In this type of radio receiver, the 
selected radio frequency is converted to a fixed lower value, called intermediate frequency IF). This 
is achieved by a special electronic circuit called mixer circuit. There is a local oscillator in the radio 
receiver itself. This oscillator produces high frequency waves. The selected radio frequency is 
mixed with the high frequency wave by the mixer circuit. In this process, beats are produced and the 
mixer produces a frequency equal to the difference between local oscillator and radio wave fre- 
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quency. As explained later, the circuit is so designed that oscillator always produces a frequency 455 
kHz above the selected radio frequency. Therefore, the mixer will always produce an intermediate 
frequency of 455 kHz regardless of the station to which the receiver is tuned. For instance, if 600 kHz 
station is tuned, then local oscillator will produce a frequency of 1055 kHz. Consequently, the output 
from the mixer will have a frequency of 455 kHz. Fig. 16.19 shows the superhetrodyne principle with 
a block diagram. The selected radio frequency f, is mixed with a frequency /, from a local oscillator. 
The output from the mixer is a difference (i.e. f, —f,) and is always 455 kHz regardless of the station 
to which the receiver is tuned. 


AERIAL 


R.F. AMPLIFIER 


fy—-f, = 455 kHz 


OSCILLATOR 


Fig. 16.19 


The production of fixed intermediate frequency (455 kHz) is the salient feature of superhetrodyne 
circuit. At this fixed intermediate frequency, the amplifier circuits operate with maximum stability, 
selectivity and sensitivity. As the conversion of incoming radio frequency to the intermediate fre- 
quency is achieved by heterodyning or beating the local oscillator against radio frequency, therefore, 
this circuit is called *superhetrodyne circuit. 


16.19 Stages of Superhetrodyne Radio Receiver 


Fig. 16.20 shows the block diagram of a superhetrodyne receiver. It may be seen that R.F. amplifier 
stage, mixer stage and oscillator stage use tuned parallel circuits with variable capacitors. These 
capacitors are ganged together as shown by the dotted interconnecting lines. The rotation of the 
common shaft simultaneously changes the capacitance of these tuned circuits. 


(1) R.F. amplifier stage. The R.F. amplifier stage uses a tuned parallel circuit L,C, with a 
variable capacitor C,. The radio waves from various broadcasting stations are intercepted by the 
receiving aerial and are coupled to this stage. This stage selects the desired radio wave and raises the 
strength of the wave to the desired level. 

(iit) Mixer stage. The amplified output of R.F. amplifier is fed to the mixer stage where it is 
combined with the output of a local oscillator. The two frequencies beat together and produce an 
intermediate frequency (JF). The intermediate frequency is the difference between oscillator fre- 
quency and radio frequency i.e. 


LF = Oscillator frequency — Radio frequency 


In a super-hetrodyne receiver, the hetrodyne principle is used to produce an intermediate frequency 
which is higher than that can be heard i.e., supersonic. Superhetrodyne is short for supersonic hetrodyne. 
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The IF is always 455 kHz regardless of the frequency to which the receiver is tuned. The reason 
why the mixer will always produce 455 kHz frequency above the radio frequency is that oscillator 
always produces a frequency 455 kHz “above the selected radio frequency. This is achieved by 
making C, smaller than C, and C,. By making C, smaller, oscillator will tune to a higher frequency. 
In practice, capacitance of C, is designed to tune the oscillator to a frequency higher than radio wave 
frequency by 455 kHz. This frequency difference (i.e. 455 kHz) will always be maintained because 
when C, and C, are varied, C, will also vary proportionally. It may be noted that in mixer stage, the 
carrier frequency is reduced. The /F still contains the audio signal. 


iW RECEIVING AERIAL 


R.F. AMPLIFIER MIXER 455 kHz DETECTOR 


J 9 LP A.F. 
/ / AMPLIFIER AMPLIFIER 


GANGED TO SINGLE SHAFT 
Fig. 16.20 


(iii) LF. amplifier stage. The output of mixer is always 455 
kHz and is fed to fixed tuned I.F. amplifiers. These amplifiers are 
tuned to one frequency (i.e. 455 kHz) and render nice amplification. 


(iv) Detector stage. The output from the last IF amplifier stage 
is coupled to the input of the detector stage. Here, the audio signal is 
extracted from the IF output. Usually, diode detector circuit is used 
because of its low distortion and excellent audio fidelity. 


(vy) A.F. amplifier stage. The audio signal output of detector 
stage is fed to a multistage audio amplifier. Here, the signal is ampli- 
fied until it is sufficiently strong to drive the speaker. The speaker 
converts the audio signal into sound waves corresponding to the origi- 
nal sound at the broadcasting station. 


Superhetrodyne Receiver 


16.20 Advantages of Superhetrodyne Circuit 


The basic principle involved in superhetrodyne circuit is to obtain a fixed intermediate frequency 
with the help of a mixer circuit and local oscillator. The superhetrodyne principle has the following 
advantages : 


* The reason that the oscillator is designed to produce a frequency 455 kHz above and not below the 
selected frequency is as follows. A radio receiver is required to tune over 550 to 1600 kHz frequency. To 
provide IF of 455 kHz, the oscillator frequency must vary from 1005 to 2055 kHz. If the oscillator is 
designed to produce a frequency 455 kHz below the selected frequency (of course IF will be still 455 
kHz), then the frequency range of the oscillator will have to be 95 to 1145 kHz. This frequency ratio is 
too high to be covered in a single band. 
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(i) High r.f. amplification. The superhetrodyne principle makes it possible to produce an 
intermediate frequency (i.e. 455 kHz) which is much less than the radio frequency. R.F. amplification 
at low frequencies is more stable since feedback through stray and interelectrode capacitance is re- 
duced. 


(it) Improved selectivity. Losses in the tuned circuits are lower at intermediate frequency. There- 
fore, the quality factor Q of the tuned circuits is increased. This makes the amplifier circuits to 
Operate with maximum selectivity. 


(iii) Lower cost. Ina superhetrodyne circuit, a fixed intermediate frequency is obtained regard- 
less of the radio wave selected. This permits the use of fixed R.F. amplifiers. The superhetrodyne 
receiver is thus cheaper than other radio receivers. 


16.21 FM Receiver 


The FM receiver is more complicated and, therefore, more expensive than the normal AM receiver. 
As we shall see, an FM receiver also uses superheterodyne principle. The FM broadcast signals lie in 
the frequency range between 88 MHz and 108 MHz. The IF (intermediate frequency) of an FM 
receiver is 10.7 MHz—much “higher than the IF value of 455 kHz in AM receivers. Fig. 16.21 shows 
the block diagram of an FM receiver. In the interest of understanding, we shall discuss the various 
sections of the FM receiver. 


Speaker 


AF 
Amplifier 


Antenna 


88 to 108 MHz 


ele FM 
Amplifier Detector 


Local 
Oscillator 


R.F. Tuner 
Fig. 16.21 


1. R.F. Tuner. The FM signals are in the frequency range of 88 to 108 MHz. The weak FM 
signal (say 2 UV) is picked up by the antenna and is fed to the R.F. tuner. The R.F. tuner 
consists of (1) R.F. amplifier (ii) Mixer and (iii) local oscillator. The R.F. amplifier amplifies 
the selected FM signal (to 200 uV in the present case). The output from the RF amplifier is 
fed to the mixer stage where it is combined with the output signal from a local oscillator. The 
two frequencies beat together and produce an intermediate frequency (IF). The intermediate 
frequency (IF) is equal to the difference between oscillator frequency and the RF frequency. 


It is because the RF carrier frequencies for FM radio broadcasting are in the 88 to 108 MHz band. 
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The IF is always 10.7 MHz (Recall IF in AM receiver is 455 kHz) regardless of the fre- 
quency to which the FM receiver is tuned. 


2. IF Amplifier Stage. The output signal from the mixer always has a frequency of 10.7 MHz 
and is fed to the IF amplifiers. Since IF amplifiers are tuned to IF (= 10.7 MHz), they render 
nice amplification. Note that bandwidth of IF amplifiers is about 200 kHz or 0.2 MHz. The 
IF gain is very large (assumed 10,000 in this case) so that output is 2V. 


3. Limiter Stage. The output 
from IF stage is fed to the 
limiter. This circuit is an IF 
amplifier tuned to 10.7 MHz 
but its main function 1s to re- 
move AM interference from 
the FM signal. Fig. 16.22 
shows how the limiter re- 
moves AM interference from the FM signal. The input is an FM signal, but it has different 
amplitude levels because of AM interference has been added. However, the limiter circuit 
keeps the output level constant for different input levels. 


INPUT OUTPUT 


LIMITER 


Fig. 16.22 


4. FM Detector. After the removal of amplitude modulation from the FM signal by the limiter, 
the IF signal drives the input of the FM detector. An FM detector is a circuit that converts 
frequency variations to amplitude variations. The FM detector is also called a discriminator 
because it can distinguish between different frequencies in the input to provide different 
output voltages. The resultant amplitude modulated signal is then rectified and amplified for 
feeding to speaker for sound reproduction. 


16.22 Difference Between FM and AM Receivers 


Both FM and AM receivers employ superheterodyne principle. However, the following are the points 
of differences between the two types of receivers : 

(i) An FM receiver has two additional stages viz. limiter and discriminator, which are quite 
different from an AM receiver. 

(iit) FM broadcast signals lie in the frequency range between 88 and 108 MHz whereas AM 
broadcast signals lie in the frequency range from 540 kHz to 1600 kHz. 


(iii) FM receivers are free from interference and this means that much weaker signals can be 
successfully handled. 


(iv) FM bandwidth is about 200 kHz compared to 10 kHz bandwidth for AM. 
(v) The IF for FM receivers is 10.7 MHz whereas IF for AM receivers is 455 kHz. 


MULTIPLE-CHOICE QUESTIONS 


(i) frequency (ii) amplitude 
(iii) phase (iv) none of the above 


1. Modulation is done in ............. 
(i) transmitter 


(ii) radio receiver 
(iii) between transmitter and radio receiver 
(iv) none of the above 
2. Ina transmitter, ............. oscillator is used. 
(i) Hartley (ii) RC phase-shift 
(iii) Wien-bridge (iv) crystal 
3. In India, ............. modulation is used for ra- 
dio transmission. 


4. In an AM wave, useful power is carried by 
(i) carrier 
(ii) sidebands 
(iii) both sidebands and carrier 
(iv) none of the above 
5. In amplitude modulation, bandwidth is 
eis the audio signal frequency. 
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(i) thrice (ii) four times 
(iii) twice (iv) none of the above 
6. In amplitude modulation, the ............. of car- 
rier is varied according to the strength of the 
signal. 
(i) amplitude (ii) frequency 
(iii) phase (iv) none of the above 
7. Overmodulation (amplitude) occurs when 
signal amplitude is ............. carrier ampli- 
tude. 
(i) equal to (ii) greater than 
(iii) less than (iv) none of the above 
8. Inan AM wave, the majority of the power is 
TT wichataeasanes 


(i) lower sideband 
(ii) upper sideband 
(iii) carrier 
(iv) none of the above 
9. At 100 % modulation, the power in each 


sideband is ............. of that of carrier. 
(i) 50% (ii) 40 % 
(iii) 60 % (iv) 25 % 


10. Overmodulation results in ............. 
(i) weakening of the signal 
(ii) excessive carrier power 
(iii) distortion 
(iv) none of the above 
11. If modulation is 100 %, then signal ampli- 


tude 1S ......... carrier amplitude. 
(i) equal to (ii) greater than 
(iii) less than (iv) none of the above 


12. As the modulation level is increased, the 
Carrier pOWEf ..........64. 
(i) 1S increased (ii) remains the same 
(iii) 18 decreased (iv) none of the above 
13. Demodulation is done in ............. 
(i) receiving antenna 
(ii) transmitter 
(iii) radio receiver 
(iv) transmitting antenna 
14. A high Q tuned circuit will permit an ampli- 


fier to have high ............. 
(i) fidelity (ii) frequency range 
(iii) sensitivity (iv) selectivity 
15. In radio transmission, the medium of trans- 
MISSION IS ..........008 
(i) space (ii) an antenna 
(iii) cable (iv) none of the above 


16. If level of modulation is increased ............. 


power is increased. 
(i) carrier 
(ii) sideband 
(iii) carrier as well as sideband 
(iv) none of the above 
17. In TV transmission, picture signal is ............. 


modulated. 
(i) frequency (ii) phase 
(iii) amplitude (iv) none of the above 
18. Ina radio receiver, noise is generally devel- 
oped at ......... 
(i) IF stage (ii) receiving antenna 
(iii) audio stage (iv) RF stage 
19. Man made noises ate ............. variations. 


(i) amplitude 
(ii) frequency 
(iii) phase 
(iv) both phase and frequency 
20. The signal voltage induced in the aerial of a 
radio receiver is of the order of .............. 
(i) mV (ii) UV 
(iii) V (iv) none of the above 
21. Superhetrodyne principle refers to ............. 
(i) using alarge number of amplifier stages 
(ii) using a push-pull circuit 
(iii) obtaining lower fixed intermediate fre- 
quency 
(iv) none of the above 
22. If a radio receiver amplifies all the signal 
frequencies equally well, it 1s said to have 


high 0... 
(i) sensitivity (ii) selectivity 
(iii) distortion (iv) fidelity 
23. Most of the amplification in a superhet- 
rodyne receiver Occurs at ............. stage. 
(i) IF (ii) RF amplifier 


(iii) audio amplifier (iv) detector 
24. The letters AVC stand for ............. 
(i) audio voltage control 
(ii) abrupt voltage control 
(iii) automatic volume control 
(iv) automatic voltage control 
25. The superhetrodyne principle provides se- 


lectivity at... stage. 
(i) RF (ii) IF 
(iii) audio (iv) before RF 


26. In superhetrodyne receiver, the input at the 
mixer stage 1S ............. 
(i) IF and RF 
(ii) RF and AF 
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(iii) IF and AF 
(iv) RF and local oscillator signal 
27. The major advantage of FM over AM is 
(i) reception is less noisy 
(ii) higher carrier frequency 
(iii) smaller bandwidth 
(iv) small frequency deviation 
28. When the modulating signal controls the fre- 
quency of the carrier, we get, ............. 
(i) phase modulation 
(ii) amplitude modulation 
(iii) frequency modulation 
(iv) may be any one of the above 
29. Modulation refers to a low-frequency sig- 
nal controlling the ............. 
(i) amplitude of the carrier 
(ii) frequency of the carrier 
(iii) phase of the carrier 
(iv) may be any of the above 
30. The IF is 455 kHz. If the radio receiver is 
tuned to 855 kHz, the local oscillator fre- 
quency IS .........0. 
(i) 455 kHz (ii) 1310 kHz 
(iii) 1500 kHz (iv) 1520 kHz 
31. IfA,,,, = 40 and A, = 60, what is the per- 
centage modulation ? 
(i) 20 % (ii) 40 % 
(iii) 50 % (iv) 10% 
32. The function of ferrite antenna is to ............. 
(i) reduce stray capacitance 
(ii) stabilise d.c. bias 
(tii) increase the Q of tuned circuit 
(iv) reduce noise 
33. In aradio receiver, we generally use............. 
oscillator as a local oscillator. 
(i) crystal (ii) Wien-bridge 


34. A100 V carrier is made to vary between 160 
V and 40 V by the signal. What is the modu- 
lation factor ? 

(i) 0.3 (ii) 0.6 
(iii) 0.5 (iv) none of the above 

35. A 50 kW carrier is to be amplitude modu- 
lated to a level of 85 %. What is the carrier 
power after modulation ? 

(i) SOkW (ii) 42.5 kW 
(iii) 58.8 kW (iv) 25 kW 

36. In the above question, what is the power in 
sidebands ? 

(i) 7.8kW (ii) 11.6kW 
(iii) 19.06 kW (iv) 15.9 kW 

37. In a superhetrodyne receiver, the difference 
frequency is chosen as the IF rather than the 
sum frequency because .............. 

(i) the difference frequency is closer to 
oscillator frequency 
(ii) lower frequencies are easier to amplify 
(iii) only the difference frequency can be 
modulated 
(iv) none of the above 

38. The diode detector in an AM radio receiver 

is usually found .............. 

(i) before the first RF stage 

(ii) after the first RF stage 
(iii) after several stages of amplification 
(iv) none of the above 

39. In a TRF radio receiver, the RF and detec- 
tion stages are tuned to .............. 
(i) radio frequency 
(ii) IF 

(iii) audio frequency 
(iv) none of the above 

40. In TV transmission, sound signal is .............. 

modulated 


(iii) phase-shift (iv) Hartley (i) amplitude 


(iii) phase 


(ii) frequency 
(iv) none of the above 


Answers to Multiple-Choice Questions 


- (iy) » (i) s bi) 
s i s (id) » (ty) 
5 fT) « (PEE) » (EY) 
. (iil) - (iv) . © 
; @y) x 3 Gd) 
2 - (ill) . (iv) 
- (itl) « UY) x ES) 
» (yy - (iil) . &) 
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Chapter Review Topics 


Explain the general principles of radio broadcasting, transmission and reception. 
What is modulation ? Why is modulation necessary in communication system ? 
Explain amplitude modulation. Derive the voltage equation of an AM wave. 
What do you understand by modulation factor ? What is its significance ? 
Draw the waveform of AM wave for the following values of modulation factor : 
(i) O (ii) 0.5 (iii) 1 (iv) 1.5 
What do you understand by sideband frequencies in an AM wave ? 
Derive an expression for the fraction of total power carried by the sidebands in amplitude modulation. 
What are the limitations of amplitude modulation ? 


What do you understand by frequency modulation ? Explain its advantages over amplitude modula- 
tion. 


What is demodulation ? What are essentials in demodulation ? 
Draw the diode detector circuit and explain its action. 


What is superhetrodyne principle ? Explain the function of each stage of superhetrodyne receiver with 
the help of a block diagram. 


Problems 


. The maximum peak-to-peak voltage of an AM wave is 16 mV while the minimum peak-to-peak 


voltage is 8 mV. Find the percentage modulation. [60% | 


. Acarrier of peak voltage 0.05 V and frequency 200 kHz is amplitude modulated by a signal of peak 


voltage 10 V and frequency 1 kHz. Find (i) frequencies in the output spectrum and (ii) the peak values 
of output components if m = 0.5 and voltage gain A = 100. 


[@) 199 kHz, 200 kHz, 201 kHz (a) 1.25 V, 5 V, 1.25 V] 


. An AM transmitter supplies 10kW to the antenna when unmodulated. Determine the total power 


radiated by the transmitter when modulated to 30%. [10.45 kW] 
. Acertain AM transmitter radiates 8kW with carrier unmodulated and 9kW when the carrier is modu- 
lated. Find the percentage modulation. [50% | 
. A transmitter radiates a total power of 10 kW. The carrier is modulated to a depth of 60% . Calculate 
(i) the power in the carrier and (ii) power in each sideband. [(@) 8.47kW (ii) 0.765kW | 
A carrier of 100 V and 1500 kHz is modulated by 60V, 1200 Hz sinusoidal signal. Calculate modu- 
lation factor and express this as percentage. [0.6; 60% | 


. Acarrier with an amplitude of 140 V is modulated by a signal with an amplitude of 80V. What is the 


percentage modulation ? What is the amplitude of lower sideband frequency ? [57% ; 40V] 


. A50 kW carrier is to be modulated to a level of 85%. What is the carrier power after modulation ? 


What is sideband power ? [50 kW ; 19.06 kW] 


. Ther.m.s. antenna current of a radio transmitter is 10 A when unmodulated, rising to 12 A when the 


carrier is sinusoidally modulated. What is the modulation index ? [0.94] 


The r.m.s. antenna current of an AM transmitter increases by 15% over the unmodulated value when 
sinusoidal modulation is applied. Determine the modulation index. [0.8] 


. A500 Hz modulating voltage produces a frequency deviation of 2.25 kHz. What is the modulation 


index ? If the amplitude of the modulation voltage is kept constant, but its frequency is raised to 
6 kHz, what is the new deviation ? [4.5 ;54 kHz] 


When the modulating frequency in an FM system is 400 Hz and the modulation voltage is 2.4V, the 
modulation index is 60. Calculate the maximum deviation. What is the modulation index when the 
modulating frequency is reduced to 250 Hz and the modulating voltage is simultaneously raised to 
PN ae, [24 kHz ; 128] 
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Discussion Questions 


. Why cannot electrical energy be radiated at low frequencies (< 20 kHz) ? 


. Why is radio transmission carried at high frequencies ? 


. Why does amplitude modulation give noisy reception ? 


. Why do we always design the oscillator to produce a frequency of 455 kHz above and not below the 


incoming radio wave ? 


. What is the importance of modulation factor in communication system ? 


. Why is superhetrodyne principle employed in radio receivers ? 


. Why is AM and not FM employed for radio transmission in India ? 


. Why does frequency modulation give noiseless reception ? 
. Why have we selected JF as 455 kHz ? 
. What is the importance of sideband frequencies ? 
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INTRODUCTION 


n general, electronic circuits using tubes or transistors require a source of d.c. power. For ex- 
[oon in tube amplifiers, d.c. voltage is needed for plate, screen grid and control grid. Similarly, 

the emitter and collector bias in a transistor must also be direct current. Batteries are rarely used 
for this purpose as they are costly and require frequent replacement. In practice, d.c. power for 
electronic circuits is most conveniently obtained from commercial a.c. lines by using rectifier-filter 
system, called a d.c. power supply. 
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The rectifier-filter combination constitutes an ordinary d.c. power supply. The d.c. voltage from 
an ordinary power supply remains constant so long as a.c. mains voltage or load is unaltered. How- 
ever, in many electronic applications, it is desired that d.c. voltage should remain constant irrespec- 
tive of changes in a.c. mains or load. Under such situations, voltage regulating devices are used with 
ordinary power supply. This constitutes regulated d.c. power supply and keeps the d.c. voltage at 
fairly constant value. In this chapter, we shall focus our attention on the various voltage regulating 
circuits used to obtain regulated power supply. 


17.1 Ordinary D.C. Power Supply 


An ordinary or unregulated d.c. power supply contains a rectifier and a filter circuit as shown in Fig. 
17.1. The output from the rectifier is pulsating d.c. These pulsations are due to the presence of a.c. 
component in the rectifier output. The filter circuit removes the a.c. component so that steady d.c. 
voltage is obtained across the load. 


230 V 
50 Hz 


& 


Cc 


Limitations. An ordinary d.c. power supply has the following drawbacks : 


Fig. 17.1 


(i) Thed.c. output voltage changes directly with input a.c. voltage. For instance, a5% increase 
in input a.c. voltage results in approximately 5% increase in d.c. output voltage. 


(it) The d.c. output voltage decreases as the load current increases. This is due to voltage drop 
in (a) transformer windings (b) rectifier and (c) filter circuit. 

These variations in d.c. output voltage may cause inaccurate or erratic operation or even mal- 
functioning of many electronic circuits. For example, in an oscillator, the frequency will shift and in 
transmitters, distorted output will result. Therefore, ordinary power supply is unsuited for many elec- 
tronic applications and is being replaced by regulated power supply. 


17.2 Important Terms 


For comparison of different types of power supplies, the following terms are commonly used : 


(i) Voltage regulation. The d.c.voltage available across the output terminals of a given power 
supply depends upon load current. If the load current /, is increased by decreasing R, (See Fig. 17.2), 


there is greater voltage drop in the power supply and hence smaller d.c. output voltage will be avail- 
able. Reverse will happen if the load current decreases. The variation of output voltage w.r.t. the 
amount of load current drawn from the power supply is known as voltage regulation and 1s expressed 
by the following relation : 


Vig =v 
% Voltage regulation = —“4—“£x100 
FL 


d.c. output voltage at no-load 


where Vu 
Viz = d.c. output voltage at full-load 
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Vu #— NO-LOAD 


POWER 
SUPPLY 
tL FULL-LOAD 
ie. a 


Fig. 17.2 Fig. 17.3 


In a well designed power supply, the full-load voltage is only slightly less than no-load voltage 
i.e. voltage regulation approaches zero. Therefore, lower the voltage regulation, the lesser the 
difference between full-load and no-load voltages and better is the power supply. Power supplies 
used in practice have a voltage regulation of 1% i.e. full-load voltage is within 1% of the no-load 
voltage. Fig. 17.3 shows the change of d.c. output voltage with load current. This is known as voltage 
regulation curve. 


Note. The above voltage regulation is called load regulation because it indicates the change in output 
voltage due to the change in load current. There is another type of voltage regulation, called line regulation and 
indicates the change in output voltage due to the change in input voltage. 


(ii) Minimum load resistance. The change of load connected to a power supply varies the load 
current and hence the d.c. output voltage. In order that a power supply gives the rated output voltage 
and current, there is minimum load resistance allowed. For instance, if a power supply is required to 
deliver a full-load current /,, at full-load voltage V,,, then, 


Ver L 


Limin) ~~ i. 


Thus, if a data sheet specifies that a power supply will give an output voltage of 100V ata 
maximum rated current of 0.4A, then minimum load resistance you can connect across supply is 
Rin = 100/0.4 = 250 Q. If any attempt is made to decrease the value of R, below this value, the rated 
d.c. output voltage will not be available. 


Example 17.1. Jf the d.c. output voltage is 400V with no-load attached to power supply but 
decreases to 300V at full-load, find the percentage voltage regulation. 


Solution. 
Vy, = 400V: Vp, = 300V 
% Voltage regulation = Yu — Vet y 199 = 400 = 300 100 = 33.33 % 
Ver 300 


Example 17.2. A power supply has a voltage regulation of 1%. If the no-load voltage is 30V, 
what is the full-load voltage ? 


Solution. Let V,, be the full-load voltage. 


Vig =v 
% Voltage regulation = —“4—“£ x 100 


or 1 = — ~=x100 


< 
& 

ll 

bo 

ed 

NI 

< 
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Example 17.3. Two power supplies A and B are available in the market. Power supply A has 
no-load and full-load voltages of 30V and 25V respectively whereas these values are 30V and 29V 
for power supply B. Which is better power supply ? 


Solution. That power supply is better which has lower voltage regulation. 


Power supply A 
Var = 30V, Ve, = 25 V 
Vi, —V 30 — 25 
% Voltage regulation = —<—*x100 = %5 x100 = 20% 
FL 
Power supply B Var = 30V, Viz = 29V 
Vig =v. — 
% Voltage regulation = -“4—£x100 = = ?? 5-100 = 3.45 % 
Ver 29 


Therefore, power supply B is better than power supply A. 


Example 17.4. Fig. 17.4 shows the regulation curve of a power supply. Find (i) voltage regu- 
lation and (ii) minimum load resistance. 


Solution. Referring to the regulation curve 
shown in Fig. 17.4, itis clear that : 


Vy, = 500V: Vp, = 300V 
Tr, = 120MA3 Ry nin =? 
Va ~V a) 
(i) Regulation = —4—‘£~x100 = 
FL Q 
= 
500 — 300 8 
= —— x00 me 
300 
= 66.7 % 

V 300 V 120 160 
ij R,... = 7#= L,, (mA 
(@) Limin) = 7 ~ 720mA ee 

= 25kQ Fig. 17.4 


Example 17.5. In adding IA load to an existing IA load, the output voltage of a power supply 
drops from 10.5V to 10V. Calculate (i) output impedance of power supply and (ii) no-load voltage of 
power supply. 


Solution. All practical power supplies always have some internal impedance (often called out- 
put impedance) which is denoted by Z, as shown in Fig. 17.5. It is given by the ratio of change in load 
voltage to the corresponding change in load current 7.e. 


7 = AV, 
Al, 
(i) Output impedance of power supply is 
AV, _ 10.5V —10V 
Z, = Al, ——— TAO 0.50 
(ii) Now Z, = 3 
or 0.5 = Vaz — 10.5 
1A 


= 05x1+105=11V 
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Example 17.6. A d.c. power supply is delivering 10V (normally) to a load that is varying 
sinusoidally between 0.5A and I A at a rate of 10 kHz. If the output impedance of the power supply 
is 0.01Q at 10 kHz, determine the fluctuations in the output voltage caused by this periodic load 
change. 


Solution. For rapidly changing load levels—the normal situation in electronic systems—the 
output impedance of power supply varies with the frequency of the load change. This change with 
frequency occurs because of the impedance of the power supply. 


Output impedance of power supply is 


7, . AY, 
0 AL, 
or AV, = Z,xAI,=0.01 x (1—0.5) = 0.005V =5mV 


Therefore, the output voltage will have 5mV p-p fluctuations at a rate of 10 kHz. 

Note. The power supply not only acts as a voltage source but also includes an output impedance. When 
specifying a power supply, output impedance is an important consideration. The smaller the output impedance 
of a power supply, the better it is. 


Example 17.7. A voltage regulator experiences a 10 UV change in its output voltage when its 
input voltage changes by 5V. Determine the value of line regulation for the circuit. 


Solution. In practice, a change in input voltage to a voltage regulator will cause a change in its 
output voltage. The line regulation of a voltage regulator indicates the change in output voltage that 
will occur per unit change in the input voltage i.e. 


AV 


out 
AV,, 
10 nV 
SV 
The 2 uV/V rating of the voltage regulator means that the output voltage will change by 2 uV for 


every 1V change in the regulator’s input voltage. 


Line regulation = 


=2 uVv/V 


17.3 Regulated Power Supply 


A d.c. power supply which maintains the output voltage constant irrespective of a.c. mains fluctua- 
tions or load variations is known as regulated d.c. power supply. 


ORDINARY VOLTAGE 
A.C. VOLTAGE POWER , REGULATOR 
SUPPLY 


Fig. 17.6 


A regulated power supply consists of an ordinary power supply and voltage regulating device. 
Fig. 17.6 shows the block diagram of aregulated power supply. The output of ordinary power supply 
is fed to the voltage regulator which produces the final output. The output voltage remains constant 
whether the load current changes or there are fluctuations in the input a.c. voltage. 

Fig. 17.7 shows the complete circuit of a regulated power supply using zener diode as a voltage 
regulating device. As you can see, the regulated power supply is a combination of three circuits viz., 
(1) bridge rectifier (i1) a capacitor filter C and (iii) zener voltage regulator. The bridge rectifier 
converts the transformer secondary a.c. voltage (point P) into pulsating voltage (point Q). The pul- 
sating d.c. voltage is applied to the capacitor filter. This filter reduces the pulsations in the rectifier 
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d.c. output voltage (point R). Finally, the zener voltage regulator performs two functions. Firstly, it 


reduces the variations in the filtered output voltage. 


Secondly, it keeps the output voltage (V,,,,) 


nearly constant whether the load current changes or there is change in input a.c. voltage. Fig. 17.8 
shows the waveforms at various stages of regulated power supply. Note that bridge rectifier and 


POINT P 


A.C. SUPPLY 


POINT QO POINT R 


POINT S$ 


Fig. 17.7 


capacitor filter constitute an ordinary power supply. 
However, when voltage regulating device is added to 
this ordinary power supply, it turns into a regulated 
power supply. 

Note. In practice, this type of regulator is rarely used. 
The primary problem with the simple zener regulator is the 
fact that the zener wastes a tremendous amount of power. 
Practical voltage regulators contain a number of discrete and/ 
or integrated active devices. Nevertheless, this circuit gives 
an idea about the regulated power supply. 


Need of Regulated Power Supply 


POINT P 


rowroh VV VV VV VN 


POINT R 


+ V tc 


Fig. 17.8 


In an ordinary power supply, the voltage regulation is poor i.e. d.c. output voltage changes apprecia- 
bly with load current. Moreover, output voltage also changes due to variations in the input a.c. voltage. 


This is due to the following reasons : 


regulator ' 


= 


(i) In practice, there are consider- aecree es F Pirincan 
able variations in a.c. line voltage caused increase change in 
by outside factors beyond our control. ininput | fiece 
This changes the d.c. output voltage. aa ee voles . , 
Most of the electronic circuits will refuse re regulator , OUT 
to work satisfactorily on such output : 
voltage fluctuations. This necessitates 
to use regulated d.c. power supply. 

(ii) The internal resistance of or- 
dinary power supply is relatively large 
(> 30 Q). Therefore, output voltage is 
markedly affected by the amount of load oisee 
current drawn from the supply. These Vy | 


variations in d.c. voltage may cause er- 
ratic operation of electronic circuits. 
Therefore, regulated d.c. power supply 
is the only solution in such situations. 


E 


Increase 
(or decrease) 


in load current 
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17.4 Types of Voltage Regulators 


A device which maintains the output voltage of an ordinary power supply constant irrespective of 
load variations or changes in input a.c. voltage is known as a voltage regulator. A voltage regulator 
generally employs electronic devices to achieve this objective. There are basic two types of voltage 
regulators viz., (1) series voltage regulator (ii) shunt voltage regulator. 


The series regulator is placed in series with the load as shown in Fig. 17.9 (i). On the other hand, 
the shunt regulator is placed in parallel with the load as shown in Fig. 17.9 (ii). Each type of regulator 
provides an output voltage that remains constant even if the input voltage varies or the load current 


changes. 
SERIES 
REGULATOR 


(i) (zi) 
Fig. 17.9 

1. For low voltages. For low d.c. output voltages (upto 50V), either zener diode alone or zener 
in conjunction with transistor is used. Such supplies are called transistorised power supplies. A 
transistor power supply can give only low stabilised voltages be- 
cause the safe value of V., is about 50 V and if it is increased above 
this value, the breakdown of the junction may occur. 

2. For high voltages. For voltages greater than 50 V, glow 
tubes are used in conjunction with vacuum tube amplifiers. Such 
supplies are generally called tube power supplies and are exten- 
sively used for the proper operation of vacuum valves. 


17.5 Zener Diode Voltage Regulator 


As discussed in chapter 6, when the zener diode is operated in the Voltage Regulator 
breakdown or zener region, the voltage across it is substantially 

constant for a large change of current through it. This characteristic permits it to be used as a voltage 
regulator. Fig. 17.10 shows the circuit of a zener diode regulator. As long as input voltage V,, is 
greater than zener voltage V, , the zener operates in the breakdown region and maintains constant 
voltage across the load. The series limiting resistance R, limits the input current. 


Yn V, 
(UNREGULATED D.C.) 


Fig. 17.10 
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Operation. The zener will maintain constant Switch #1 
voltage across the load inspite of changes in load 
current or input voltage. As the load current increases, 
the zener current decreases so that current through | 
resistance R, is constant. As output voltage = V, — { a i 
IR,, and J is constant, therefore, output voltage . r I 
remains unchanged. The reverse would be true should i oh ee Pak . 
the load current decrease. The circuit will also correct wari | 
for the changes in input voltages. Should the input , a Bit ee 
voltage V,, increase, more current will flow through a ‘ 
the zener, the voltage drop across R, will increase 120 V I 
but load voltage would remain constant. The reverse : 
would be true should the input voltage decrease. 


Limitations. A zener diode regulator has the 
following drawbacks : 12V 


(i) It has low efficiency for heavy load currents. It is because if the load current is large, there 
will be considerable power loss in the series limiting resistance. 


(11) The output voltage slightly changes due to zener impedance as V_,, = V,+ 1,Z,. Changes in 
load current produce changes in zener current. Consequently, the output voltage also changes. There- 
fore, the use of this circuit is limited to only such applications where variations in load current and 


input voltage are small. 


17.6 Conditions for Proper Operation of Zener Regulator 


When a zener diode is connected in a circuit for voltage regulation, the following conditions must be 
satisfied : 


(1) The zener must operate in the breakdown region or regulating region i.e. between J, ,,,,,) and 
Ly ominy: Lhe current Ly (,,;,, (generally 10 mA) is the minimum zener current to put the zener diode in 
the ON state i.e. regulating region. The current /7,,,,, 18 the maximum zener current that zener diode 


can conduct without getting destroyed due to excessive heat. 

(it) The zener should not be allowed to exceed maximum dissipation power otherwise it will be 
destroyed due to excessive heat. If maximum power dissipation of a zener is P, and zener voltage 
is V,, then, 


(max) 


P Z(max) — Ve l Gnas 

I [ P. Z (max) 
ACT 
(max) V, 


(111) There is a minimum value of R, to ensure that zener diode will remain in the regulating 
region i.e. breakdown region. If the value of R, falls below this minimum value, the proper voltage 
will not be available across the zener to drive it into the breakdown region. 

Example 17.8. Fig. 17.11 shows the zener regulator. Calculate (i) current through the series 
resistance (ii) minimum and maximum load currents and (tii) minimum and maximum zener cur- 
rents. Comment on the results. 


Solution. 
a ae 24-12 1I2V 
(1) I, = Re - “160. 1602 = 75 mA 
(11) The minimum load current occurs when R, > . 
Liga. = OA 
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I, Rs = 1602 


UNREGULATED 
POWER SUPPLY) 24 V 


Fig. 17.11 


The maximum load current occurs when R, = 200 Q. 
12 V 


T = 
L (max) 200 02 


R 


L(min) 


Lomax) = 4s —Luminn = 79-9 = 75 mA 
Comments. The current /, through the series resistance R, is constant. When load current 
increases from 0 to 60 mA, the zener current decreases from 75 mA to 15 mA, maintaining /, constant 
in value. This is the normal operation of zener regulator i.e. J, and V,,,,, remain constant inspite of 


changes in load current or source voltage. 


I, (min) 


Example 17.9. A zener regulator has V, = 15V. The input voltage may vary from 22 V to 40 V 
and load current from 20 mA to 100 mA. To hold load voltage constant under all conditions, what 
should be the value of series resistance ? 


Solution. In order that zener regulator may hold output voltage constant under all operating 
conditions, it must operate in the breakdown region. In other words, there must be zener current for 
all input voltages and load currents. The worst case occurs when the input voltage is minimum and 
load current is maximum because then zener current drops to a minimum. 
V, V 


in(min) "out 


R 


S (max) 


Example 17.10. Determine the minimum acceptable value of R, for the zener voltage regulator 
circuit shown in Fig. 17.12. The zener specifications are : 


VZ,=3.3V ; Ls (min) =3mA ; 


Le (max) = 100mA 


V,, = 20V d.c. 


R, = 500 Q to 2kQ 


Fig. 17.12 
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Solution. When load R, goes open (i.e. R, — °), the entire line current J, will flow through the 
zener and the value of R, should be such to prevent line current /, from exceeding J, ,,,,,,) if the load 
opens. 


Rs (min) = L, 
(max) 
20V —3.3V 


Ca 


Example 17.11. Determine the maximum allowable value of R, for the zener voltage regulator 
circuit shown in Fig. 17.12. 


Solution. The maximum value of R, is limited by the total current requirements in the circuit. 
The value of R, must be such so as to allow J, ,,,;,) to flow through the zener diode when the load is 
drawing maximum current. 


Vin —V, 
Rscmax) = Lita 1 eG 
V 
Now I ee Gk 


Limax) ~ Ry min) 500. 


20V-3.3V _ 16.7V 
S(maxy) ~ 66mA+3mA 9.6mA — 


R 1739Q 


17.7. Transistor Series Voltage Regulator 


Figure 17.13 shows a simple series voltage regulator using a transistor and zener diode. The circuit 
is called a series voltage regulator because the load cur- 
rent passes through the series transistor Q, as shown in 
Fig. 17.13. The unregulated d.c. supply is fed to the 
input terminals and the regulated output is obtained 
across the load. The zener diode provides the refer- 
ence voltage. 


O; 


Operation. The base voltage of transistor Q, is 
held to a relatively constant voltage across the zener 
diode. For example, if 8V zener (i.e., V; = 8V) is used, 
the base voltage of Q, will remain approximately 8V. 
Referring to Fig. 17.13, Fig. 17.13 


Vou = Vz—Vee 


out 


(1) If the output voltage decreases, the increased base-emitter voltage causes transistor Q, to 
conduct more, thereby raising the output voltage. As a result, the output voltage is maintained at a 
constant level. 

(ii) If the output voltage increases, the decreased base-emitter voltage causes transistor Q, to 
conduct less, thereby reducing the output voltage. Consequently, the output voltage is maintained at 
a constant level. 

The advantage of this circuit is that the changes in zener current are reduced by a factor B. 
Therefore, the effect of zener impedance is greatly reduced and much more stabilised output is ob- 
tained 

Limitations 


(i) Although the changes in zener current are much reduced, yet the output is not absolutely 
constant. It is because both V,, and V, decrease with the increase in room temperature. 


(ii) The output voltage cannot be changed easily as no such means is provided. 
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Example 17.12. For the circuit shown in Fig. 17.13, if Vz = 10V, 8B = 100 and R, = 1000 Q, 
find the load voltage and load current. Assume V,,,= 0.5V and the zener operates in the breakdown 
region. 


Solution. 
Output voltage, V,, = V,-Vop- 
= 10-05 = 9.5 V 
Viur . QOV 
Load current, J, = R, ~ 10002 =9.5 mA 


Example 17.13. A series voltage regulator is required to supply a current of 1A at a constant 
voltage of 6V. If the supply voltage is 10 V and the zener operates in the breakdown region, design 
the circuit. Assume B = 50, Ver = 0.5V and minimum zener current = 10 mA. 

Solution. The design steps require the determination of zener breakdown voltage and current 
limiting resistance R,. Fig. 17.14 shows the desired circuit of series voltage regulator. 

(t) Zener breakdown voltage. The collector-emitter terminals are in series with the load. There- 
fore, the load current must pass through the transistor i.e., 

Collector current, J. = 1A 
Base current, J, = I./B = 1A/50 = 20mA 


Fig. 17.14 


Output voltage, V,,, = V,—-Vopr 
or 6 = V,-0.5 
V, = 6+05 = 6.5V 
Hence zener diode of breakdown voltage 6.5V is required. 
(ut) Value of R, 
Voltage across R, = V,,-V, = 10-65 = 3.5V 
Voltage across Ry, _ 3.5V 


Ks = I,+1, (20+10)mA = 17 ® 


Example 17.14. For the series voltage regulator shown in Fig. 17.15, calculate (i) output 
voltage and (ii) zener current. 


Solution. 

(i) Vie = V2- Vee = 12-0.7 = 11.3V 

(il) Voltage across R, = V,,-V, = 20-12 = 8V 
Current through R,,J, = a = 36.4mA 


220 Q 
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B=50 


= out __ _ 
Load current, /, = R, 1kO 11.3mA 


Base current, I, = 


l 
TR|a> 
l 
— 
= 
IE 
T 
© 
we) 
we) 
ON 
5 
> 


Zener current, 1, = Ip—I, = 36.4—0.226 ~ 36mA 
Example 17.15. In a series transistor voltage regulator (See Fig. 17.16), the load current 
varies from 0— 1A and the unregulated d.c. input varies from 12 — 18V. The 8.5V zener diode requires 
atleast I mA of current to stay in its regulating region (i.e. I, (min) = 1 mA). 
(i) Determine the value of R, to ensure proper circuit operation. 
(ii) Determine maximum power dissipation in R.. 
(iii) Determine maximum power dissipation in zener doide. 


Vin 
(12 — 18V) 


Fig. 17.16 


Solution. 

(1) The value of R, should be such that it supplies current for the base of transistor Q, and for 
the zener diode to keep it in the regulating region. The worst condition occurs at the minimum input 
voltage and maximum load current. This means that under worst condition, the current through Ry, 
must be atleast J (,,,;,,= 1 mA plus maximum base current. 


LiGnas) 1A 
I — =-— =20mA 
B(max) 8 50 M1) 
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Fro = ly cminy + 4B max) 
1+20=21 mA 


Now 21 mA must be drawn by R, under all conditions of input voltage variations—even when 
the input voltage falls to 12V which causes the minimum voltage across R, and hence the lowest value 


of current it will be able to supply. 


R= Vin (min) —V, 
S Tp. 
(12-8.5)V_ 3.5V 


t1mA 21mA ~ 166 


(it) The maximum power dissipation in R, occurs when the voltage across it is maximum. 


Max. voltage across R,,V, = Vin (may ~ Vz= 18-85 =9.5V 


S (max) 
2 
(Ve. nay? = (9.5)° 


Max. power dissipated in R, = R, im = 0.542 W 


(iit) Maximum power dissipation in zener occurs when current through it is maximum. The zener 
current will be maximum when V,_ is maximum and load current is minimum (i.e. J, = 0). Now I, =0 
means /,,= 0 an hence J, = 0. This, in turn, means that all the current passing through R, will pass 


through the zener diode. 


Tz (max) = tr 7 a 
S (max) Ry 
18V —8.5V 579 mA 
a. a4 Mm 


1662 
Max. power dissipated in zener diode is 
P Z (max) = Vz | Z (max) 
8.5 V x 57.2 mA = 0.486 W 


17.8 Series Feedback Voltage Regulator 


Fig. 17.17 shows the circuit of series feedback voltage regulator. It employs principles of negative 
feedback to hold the output voltage almost constant despite changes in line voltage and load current. 
The transistor Q, is called a pass transistor because all the load current passes through it. The sample 
and adjust circuit is the voltage divider that consists of R, and R,. The voltage divider samples the 
output voltage and delivers a negative feedback voltage to the base of Q,. The feedback voltage V,, 


controls the collector current of Q,. 


-+ 


Fig. 17.17 
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Operation. The unregulated d.c. supply is fed to the voltage regulator. The circuit maintains 
constant output voltage irrespective of the variations in load or input voltage. Here is how the circuit 
operates. 

(i) Suppose the output voltage increases due to any reason. This causes an increase in voltage 
across KL (i.e., R, ) as it is a part of the output circuit. This in turn means that more V,,is fed back to 
the base of transistor Q,; producing a large collector current of Q,. Most of this collector current 
flows through R, and causes the base voltage of Q, to decrease. This results in less output voltage i.e., 
increase in voltage is offset. Thus output voltage remains constant. 

(11) Similarly, if output voltage tries to decrease, the feedback voltage V,, also decreases. This 
reduces the current through Q, and R,. This means more base voltage at Q, and more output voltage. 
Consequently, the output voltage remains at the original level. 


Output Voltage. The voltage divider R, — R, provides the feedback voltage. 


Feedback fracti 2 oe de 
eedback fraction, m = v = R+R, 
:; 1_ Atk, R, 
Closed loop voltage gain, Ay, = — = = 1+— 
mo OR, R, 
Now Ve = V+ Ver 
or mMVou = Vz+ VBE es Ve = Y oe) 
or ae Vy u VE 
m 
or Vou = Acr Vz t+ Vee) (° Im = Ac) 


Therefore, the regulated output voltage is equal to closed-loop voltage gain times the sum of 
zener voltage and base-emitter voltage. 


17.9 Short-Circuit Protection 


The main drawback of any series regulator is that the pass transistor can be destroyed by excessive 
load current if the load is accidentally shorted. To avoid such an eventuality, a current limiting circuit 
is added to a series regulator as shown in Fig. 17.18. Acurrent limiting circuit consists of a transistor 
(Q,) and a series resistor (R,) that is connected between base and emitter terminals. 


Fig. 17.18 
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(t) When the load current is normal, the voltage across R, (= voltage across base-emitter of 
Q,) is small and Q, is *off. Under this condition, the circuit works as described earlier. 

(it) If load current becomes excessive, the voltage across R, becomes large enough to turn on 
Q,. The collector current of Q, flows through R,, thereby decreasing the base voltage of Q,. The 
decrease in base voltage of Q, reduces the conduction of pass transistor (i.e., Q,), preventing any 
further increase in load current. Thus, the load current for the circuit is limited to about 700 mA. 


Example 17.16. In the series feedback voltage regulator shown in Fig. 17.18, R, = 2 kQ, 


R, = 1k, V,= 6 Vand Vz, = 0.7 V. What is the regulated output voltage? 


Solution. 


Feedback fraction, m 


Closed-loop voltage gain, A,, 


Regulated output voltage, V,,, 


Example 17.17. In the series feedback regulator circuit shown in Fig. 17.18, R; = 30kQ and R, 
= 10 kQ. What is the closed loop voltage gain? 


Solution. Feedback fraction, m 


Closed-loop voltage gain, A,, 


% __1 _1 
R+k, 2+1 3 
l 
—_- = 3 
m 


Ac, (Vz+t Vee) 
3 (6 +0.7) = 20.1 V 


KR _ 10 _1 
R+R, 30+10 4 
l 


= 4 
m 


17.10 Transistor Shunt Voltage Regulator 


A shunt voltage regulator provides regu- 
lation by shunting current away from the 
load to regulate the output voltage. Fig. 
17.19 shows the circuit of shunt voltage 
regulator. The voltage drop across series 
resistance depends upon the current sup- 
plied to the load R,. The output voltage 
is equal to the sum of zener voltage (V,) 
and transistor base-emitter voltage (V,,) 
i.€., 
Vie = Vet Vor 


out 


If the load resistance decreases, the 
current through base of transistor 
decreases. As a result, less collector 
current is shunted. Therefore, the load 
current becomes larger, thereby 
maintaining the regulated voltage across 


Shunt Regulator 


Fig. 17.19 


the load. Reverse happens should the load resistance increase. 


Drawbacks. A shunt voltage regulator has the following drawbacks : 


In order that Q, is ON, voltage across R, must be about 0.7 V. This means that load current then is J, = 
0.7V/ 1 = 700 mA. Therefore, if load current is less than 700 mA, Q, is off. If load current is more than 


700 mA, Q, will be turned on. 
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(¢) A large portion of the total current through R, flows through transistor rather than to the 
load. 
(it) There is considerable power loss in Rx. 
(iii) There are problems of overvoltage protection in this circuit. 
For these reasons, a series voltage regulator is preferred over the shunt voltage regulator. 


Example 17.18. Determine the (i) regulated voltage and (ii) various currents for the shunt 
regulator shown in Fig. 17.20. 


y —» fr 
(+ 22 V) R,= 1300 
Ip | 
R,=100Q V,,, 
Fig. 17.20 
Solution. (i) Output voltage, V,,, = Vz+ Ver = 8.3+0.7 = 9V 
(ii) Load t, J row. OV 90 mA 
ll oad current, a = oe m 
t= R, 1002 
Vin ~Vour 22-9  13V 


= 100mA 


Current through R,, J - 227 = 
eee eee aay R, 130. 1302 


- Collector current, J. = I,-I, = 100-90 = 10mA 
17.11 Shunt Feedback Voltage Regulator 


This circuit is an improved form of the simple series voltage regulator discussed in Art. 17.8. As we 
shall see, this regulator is nearly identical to the series feedback regulator. 


Circuit details. Fig. 17.21 shows the various parts of a shunt feedback voltage regulator. This 
circuit uses an error detector (Q,) to control the conduction of a *shunt transistor (Q,). The error 
detector (Q,) receives two inputs : a reference voltage and a sample voltage. The sample circuit is a 
simple voltage divider circuit (R, — R,—,) and derives the sample voltage from the regulated output 
voltage. The reference circuit is made up of zener D, and R, and derives the reference voltage from 
the unregulated d.c. input voltage. The outputs from the sample and reference circuits are applied to 
the error detector (Q,). The output from Q, is used to control the conduction of the shunt transistor 
Q ,. Since Q, (shunt transistor) is in parallel with load R,, the change in the current conduction through 
Q, can control the load voltage. 

Circuit operation. In a shunt feedback voltage regulator, the outputs from the sample and 
reference circuits are applied to the error detector/amplifier Q,. The output from Q, controls the 
conduction current through the shunt transistor Q, to maintain the constant load voltage V,. 


Note that transistor Q, is in parallel with the load, it is called shunt transistor and hence the name of the 
regulator. 
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Unregulated 
dic. 
input 


Fig. 17.21 


(1) Suppose the load voltage V, decreases due to any reason. This decrease causes the base 
voltage of Q, [V, ( 02) to decrease. Since emitter voltage of Q, [Ve 02)1 is set to a fixed value (V,) by 
the zener diode, Vee (02) decreases when Vp (92) decreases. This decreases base current [ B(Ql) through 
the base of transistor Q,. This in turn causes /,, to decrease; thus increasing V¢ (9). Since V; = V¢ 
(giy the increase in V¢ (91) offsets the initial decrease in V7. 


(ii) Suppose the load voltage increases due to any reason. This increases the conduction through 
Q,, causing an increase in Ip (9). The increase in J, (9) causes the shunt transistor’s conduction to 
increase, decreasing V¢ (91). The decrease in V_. (9) offsets the initial increase in V;. 


17.12 Glow-Tube Voltage Regulator 


As discussed in chapter 3, when a glow tube (cold cathode gas diode) is operated in the normal glow 
region, the voltage across the tube remains constant over a wide range of tube current. This charac- 
teristic permits it to be used as a voltage regulator. Fig. 17.22 shows the circuit of a glow-tube voltage 
regulator. The unregulated d.c. input voltage must exceed the striking voltage of the tube. Once the 
gas in the tube ionises, the voltage across the tube and the load will drop to the ionising voltage. The 
tube will maintain constant voltage so long as the input d.c. voltage is greater than this value. The 
resistance R, is used to limit the input current. 


Fig. 17.22 


Operation. The glow tube will maintain constant voltage across the load inspite of the changes 
in load current or input voltage. Now, should the load decrease, the output voltage would tend to 
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increase. The glow tube will draw more current *without any increase in the output voltage. Mean- 
while, the drop in load current is offset by the increase in tube current and the current through R, 
remains constant. As output voltage = V,, —IR,, therefore, output voltage remains unchanged. Simi- 
larly, the circuit will maintain constant output voltage if the input voltage changes. Suppose the input 
voltage decreases due to any reason. This would result in less current flow through the glow tube. 
Consequently, the voltage drop across R, decreases, resulting in constant voltage across the load. 


17.13 Series Triode Voltage Regulator 


Fig. 17.23 shows the circuit of a series triode voltage regulator. It is similar to series transistor 
regulator except that here triode and glow tube are used instead of transistor and zener diode. The 
resistance R and glow tube (V.R.) help to maintain constant potential across the load. A potentiometer 
R,, is connected across the glow tube and its variable point is connected to the grid of the triode. 


Operation. The d.c. input V,, from the unregulated power supply is fed to the voltage regulator. 
The circuit will maintain constant output voltage (V,,.) inspite of changes in load current or input 
voltage. The output voltage is given by : 


out 


Fig. 17.23 


Vow = E, +E ; 
Now, E,, is constant because the glow tube is operating in the normal glow region. Also grid voltage 
FE, is constant because it hardly depends upon plate current. Therefore, output will remain accurately 
fixed at one value. Any increase in the output voltage causes greater voltage drop across the limiting 


resistance R, tending to restore the output voltage to the original value. 


17.14 Series Double Triode Voltage Regulator 


Fig. 17.24 shows the circuit of a series double triode voltage regulator. Triodes T, and T, are used as 
direct coupled feedback amplifier in which output voltage variations are returned as feedback to 
oppose the input changes. The glow tube VR maintains the cathode of triode 7, at constant potential 
w.r.t. ground. The triode T, functions as a control tube and obtains bias from the potentiometer R,. 
The resistances R, and R, are range limiting resistors. The capacitor across VR tube helps to minimise 
the tendency of the circuit to generate audio frequency oscillations. 


More current will cause further ionisation, decreasing the tube resistance. Therefore, voltage across the 
tube remains unchanged. 
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¥; n T, R 3 Vo ut 


Fig. 17.24 


Operation. The unregulated d.c. supply is fed to the voltage regulator. The circuit will produce 
an output voltage (V,,,,,.) which is independent of changes in input voltage and of changes in the load 
over a wide range. With a decrease in load or increase in the input voltage, there would be tendency 
for the voltage across the resistive network R,, R, and R, to rise. The result is that voltage on the grid 
of triode T, becomes less negative. The triode T, then conducts more current and a greater current 
flows through R, which causes a greater voltage drop across this resistor. The increase in voltage 
across R, will raise the negative potential on the grid of triode T,. This increases the resistance of T, 
and hence the voltage across it. The rise in voltage across T, tends to decrease the output voltage. 
The reverse would be true should the load increase or input voltage decrease. 


17.15 IC Voltage Regulators 


We can also use integrated circuits ([C) to produce voltage regulators. One advantage of JC voltage 
regulators is that properties like thermal compensation, short circuit protection and surge protection 
can be built into the device. Most of the commonly used /C voltage regulators are three-terminal 
devices. Fig. 17.25 shows the schematic symbol for a three-terminal /C voltage regulator. 

IC voltage regulator 


Power Supply 
rectifier and 
filter 


Fig. 17.25 


There are basically four types of /C voltage regulators viz. 
(i) Fixed positive voltage regulators 
(ii) Fixed negative voltage regulators 
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(iii) Adjustable voltage regulators 
(iv) Dual-tracking voltage regulators 


The fixed positive and fixed negative IC voltage regulators are designed to provide specific 
output voltages. For example, LM 309 (fixed positive) provides a + 5V d.c. output (as long as the 
regulator input voltages are within the specified ranges). The adjustable voltage regulator can be 
adjusted to provide any d.c. output voltage that is within its two specified limits. For example, the LM 
317 output can be adjusted to any value between its limits of 1.2V and 32V d.c. Both positive and 
negative adjustable regulators are available. The dual-tracking regulator provides equal positive and 
negative output voltages. For example, the RC 4195 provides outputs of + 15V and — 15V d.c. Ad- 
justable dual-tracking regulators are also available. 


17.16 Fixed Positive Voltage Regulators 


This /C regulator provides a fixed positive output voltage. Although many types of /C regulators are 
available, the 7800 series of /C regulators is the most popular. The last two digits in the part number 
indicate the d.c. output voltage. For example [See Table below], the 7812 isa+ 12V regulator whereas 
the 7805 isa+5V regulator. Note that this series (7800 series) provides fixed regulated voltages from 
+5 V to + 24V. 


Output voltage 


The 7800 series Fig. 17.26 


Fig. 17.26 shows how the 7812 JC is connected to provide a fixed d.c. output of + 12V. The 
unregulated input voltage V; is connected to the /C’s JN terminal and the JC’s OUT terminal provides 
+ 12V. Capacitors, although not always necessary, are sometimes used on the input and output as 
shown in Fig. 17.26. The output capacitor (C,) acts basically as a line filter to improve transient 
response. The input capacitor (C,) is used to prevent unwanted oscillations. 


Example 17.19. Draw a voltage supply using a full-wave bridge rectifier, capacitor filter and 
IC regulator to provide an output of + 5V. 


230 V 
(r.m.s.) 
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Solution. The resulting circuit is shown in Fig. 17.27. Here we use 7805 JC with unregulated 
power supply. 


17.17 Fixed Negative Voltage Regulators 


This /C regulator provides a fixed negative ouput voltage. The 7900 series of /C regulators is com- 
monly used for this purpose. This series (7900) is the negative-voltage counterpart of the7800 series 
[See Table below]. Note that 7900 series provides fixed regulated voltages from — 5V to — 24 V. 


Output voltage 


Negative 
: output 
(-12 V) 


Fig. 17.28 


The 7900 series 


Fig. 17.28 shows how 7912 JC is connected to provide a fixed d.c. output of — 12 V. The unregulated 
negative input voltage V, is connected to /C’s JN terminal and the /C’s OUT terminal provides — 12 V. 
Capacitors used in the circuit perform the same function as in a fixed positive regulator. 


17.18 Adjustable Voltage Regulators 


The adjustable voltage regulator can be adjusted to provide any d.c. output voltage that is within its 
two specified limits. The most popular three-terminal /C adjustable voltage regulator is the LM 317. 
It has an input terminal, output terminal and an adjustment terminal. An external voltage divider is 
used to change the d.c. output voltage of the regulator. By changing R,, a wide range of output 
voltages can be obtained. 


LM317 


The LM 317 is a three-terminal positive adjustable voltage regulator and can supply 1.5 A of load 
current over an adjustable output range of 1.25V to 37V. Fig. 17.29 shows an unregulated power 
supply driving an LM 317 circuit. The data sheet of an LM 317 gives the following formula for the 


output voltage : : 
= —2 4] 
va = 125(S41) 


This formula is valid from 1.25 V to 37V. 
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Example 17.20. In Fig. 17.30, R, is adjusted to 2.4 kQ. Determine the regulated d.c. output voltage 
for the circuit. 


LM317 


Fig. 17.30 


Solution. The regulated d.c. output voltage for the circuit is given by ; 


Rk, 
Vi, = 1.25 Gaal 


2.4kQ , 
1.25 7400 ° = (1.25) (11) = 13.75V 


Example 17.21. The LM 317 is adjusted to provide a + 8 V,,. regulated output voltage. Deter- 
mine the maximum allowable input voltage to the device. 


Solution. The maximum allowable difference between V,, and V_,,, of an adjustable voltage 
regulator is called its input/output differential rating and is denoted by V,, If this rating is exceeded, 
the device may be damaged. For the LM 317, V,,= 40V. Therefore, the maximum allowable value of 
input voltage is 


V cGniee) = Votteagy * “a 


+8V,.+40=+48V 


17.19 Dual-Tracking Voltage Regulators 


The dual-tracking regulator 
provides equal positive and 


negative output voltages. This a eo 
regulator is used when split- INPUTS RC4195 OUTPUTS 
supply voltages are needed. The 

RC 4195 IC provides d.c. outputs —18TO-30V ¢ -15V 


of + 15V and — 15V. The device 
needs two unregulated input 
voltages. The positive input may 
be from + 18V to + 30V and the Fig. 17.31 

negative input from — 18V to 

—30V. As shown, the two outputs 

are + 15V. The data sheet of an RC 4195 lists a maximum output current of 150 mA for each supply 
and a load regulation of 3mV. Adjustable dual-tracking regulators are also available. These regulators 
have outputs that can be varied between their two rated limits. 
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MULTIPLE-CHOICE QUESTIONS 


1. Inan unregulated power supply, if load cur- 


rent increases, the output voltage ........... 
(i) remains the same 

(ii) decreases (lii) increases 
(iv) none of the above 


2. In an unregulated power supply, if input a.c. 
voltage increases, the output voltage ........... 
(i) increases (ii) decreases 

(iii) remains the same 

(iv) none of the above 


3. A power supply which has a voltage regu- 


lation OF ...venrenss is unregulated power sup- 
ply. 
(i) 0% (ii) 0.5 % 
(iii) 10% (iv) 0.8 % 
4. Commercial power supplies have voltage 
TERULAON cavievewines 
(i) of 10 % (ii) of 15 % 


(iii) of 25 % (iv) within 1 % 
5. An ideal regulated power supply is one 
which has voltage regulation of ........... 


(i) 0% (ii) 5 % 
(iii) 10% (iv) 1% 
6. A zener diode utilises ........... characteristic 


for voltage regulation. 
(1) forward (ii) reverse 

(tii) both forward and reverse 

(iv) none of the above 
% Zener diode'can be used aS ssssecssaeas 

(i) d.c. voltage regulator only 
(ii) a.c. voltage regulator only 
(iii) both d.c. and a.c. voltage regulator 


(iv) none of the above 


S. A zener didde 18 used 48 & sevicsveses voltage 
regulating device. 
(7) shunt (ii) series 


(iii) series-shunt (iv) none of the above 
9. As the junction temperature increases, the 
voltage breakdown point for zener mecha- 


(i) 1S increased (ii) 1s decreased 


(iii) remains the same 
(iv) none of the above 


10. The rupture of co-valent bonds will occur 
when the electric field is ............ 


(1) 100 V/cm (11) 0.6 V/cm 
(iii) 1000 V/cm 
(tv) more than 10° V/em 


11. In a 15 V zener diode, the breakdown 
mechanism will occur by ............ 


(7) avalanche mechanism 

(ii) zener mechanism 
(iii) both zener and avalanche mechanism 
(iv) none of the above 


12. A zener diode that has very narrow deple- 
tion layer will breakdown by ............ mecha- 


nism. 

(i) avalanche (ii) zener 
(iii) both avalanche and zener 
(iv) none of the above 


13. As the junction temperature increases, the 
voltage breakdown point for avalanche 
MECHANISM wcswisssees 
(1) remains the same 
(ii) decreases (iii) increases 
(iv) none of the above 

14. Another name for zener diode 1s ............ diode. 
(1) breakdown 


(lil) power 


(ti) voltage 

(iv) current 

15. Zener diodes are generally made of ............ 
(1) germanium (ii) silicon 

(iii) carbon (iv) none of the above 

16. For increasing the voltage rating, zeners are 
CONMOCTC, LM cvccsnsesens 
(1) parallel (ii) series-parallel 

(iii) series (iv) none of the above 

17. Ina zener voltage regulator, the changes in 
load current produce changes in ............ 
(i) zenercurrent (ii) zener voltage 

(iii) zener voltage as well as zener current 


(iv) none of the above 


18. A zener voltage regulator is used for ............ 
load currents. 


(i) high 
(iii) moderate 


(ii) very high 

(iv) small 

19. A zener voltage regulator will cease to act 
as a voltage regulator if zener current be- 
(i) less than load current (ii) zero 

(iii) more than load current 

(iv) none of the above 


20. If the doping level is increased, the break- 


down voltage of the zener ............ 
(i) remains the same 

(ii) isincreased (iii) 1s decreased 
(iv) none of the above 


21. A30 V zener will have depletion layer width 
eaeieaus, that of 10 V zener. 


(ii) less than 
(iv) none of the above 


(i) more than 
(iii) equal to 
22. The current in a zener diode is limited by 
(i) external resistance 
(ii) power dissipation 
(iii) both (i) and (ii) 
(iv) none of the above 


23. A5 mA change in zener current produces a 
50 mV change in zener voltage. What is 
the zener impedance ? 

(i) 1Q (ii) O.1 Q 
(iii) 100 Q (iv) 10 Q 

24. A certain regulator has a no-load voltage of 
6 V and a full-load output of 5.82 V. What 
is the load regulation ? 

(i) 3.09 % (ii) 2.87 % 
(ii) 5.72 % (iv) none of the above 


25. What is true about the breakdown voltage 
in a zener diode ? 


(i) It decreases when load current in- 
creases. 


(ii) It destroys the diode. 
(iii) It equals current times the resistance. 
(iv) Itis approximately constant. 


26. Which of these is the best description for a 
zener diode ? 


(i) Itis a diode. 
(ii) Itis a constant-current device. 
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(iii) Itis aconstant-voltage device. 
(iv) It works in the forward region. 
27. A zener diode ............ 
(i) 18a battery 
(ii) acts like a battery in the breakdown re- 
gion 
(iii) has a barrier potential of 1 V 
(iv) is forward biased 
28. The load voltage is approximately constant 
when a zener diode is ............ 
(i) forward biased 
(ii) unbiased 
(iii) reverse biased 
(iv) operating in the breakdown region 
29. Ina loaded zener regulator, which is the larg- 
est zener current ? 
(i) seriescurrent (ii) zener current 
(iii) loadcurrent (iv) none of the above 
30. If the load resistance decreases in a zener 
regulator, then zener current ............. 
(i) decreases (ii) stays the same 
(iii) increases (iv) none of the above 
31. If the input a.c. voltage to unregulated or 
ordinary power supply increases by 5 %, 
what will be the approximate change in d.c. 
output voltage ? 
(i) 10% (ii) 20 % 
(iii) 15 % (iv) 5 % 
32. If the load current drawn by unregulated 
power supply increases, the d.c. output volt- 
ASS coc tensa 
(i) increases (ii) decreases 
(iii) stays the same (iv) none of the above 
33. If a power supply has no-load and full-load 
voltages of 30 V and 25 V respectively, then 
percentage voltage regulation Is ............ 
(i) 10% (ii) 20 % 
(iii) 15% (iv) none of the above 
34. A power supply has a voltage regulation of 
1 %. If the no-load voltage is 20 V, what is 
the full-load voltage ? 
(i) 20.8 V (ii) 15.7 V 
(iii) 18.6 V (iv) 17.2 V 
35. Two similar 15 V zeners are connected in 
series. What is the regulated output voltage? 
(ij) 15 V (ii) 75 V 
(iti) 30 V (iv) 45 V 
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36. A power supply can deliver a maximum 38. A zener regulator ............... in the power 
rated current of 0.5 A at full-load output supply. 
voltage of 20 V. What is the minimum load (i) increases the ripple 
resistance that you can connect across the (ii) decreases the ripple 
supply? (iii) neither increases nor decreases ripple 
(i) 102 (ii) 20 Q (iv) data insufficient 
(iii) 15 Q (iv) 40 Q 39. When load current is zero, the zener cur- 
37. In a regulated power supply, two similar rent will be 0.0.0... 
15 V zeners are connected in series. The (i) zero (ii) minimum 
input voltage is 45 V d.c. If each zener has (iii) maximum (iv) none of the above 
amaximum current rating of 300 mA, what 40. The zener current will be minimum when 
should be the value of series resistance ? | ease se eeeees 
(i) 10Q (ii) 50Q (i) load current is maximum 
(iii) 25Q (iv) 40 Q (ii) load current is minimum 


(iii) load current is zero 
(iv) none of the above 


Answers to Multiple-Choice Questions 
t i) . (iii) » 
| GD e . & 
: . (iii) . bo 


s & s WW) « bi) 
. (iil) . (iv) 


. (ii) . (iv) 
. (ii) » (il) 
. (ii) . (ii) 
Chapter Review Topics 


What do you understand by unregulated power supply ? Draw the circuit of such a supply. 
What are the limitations of unregulated power supply ? 

What do you understand by regulated power supply ? Draw the block diagram of such a supply. 
Write a short note on the need for regulated power supply. 


Explain the action of a zener voltage regulator with a neat diagram. 


oS oY ee ae 


Write short notes on the following : 
(i) Transistor series voltage regulator 
(ii) Negative feedback voltage regulator 
(iii) Glow tube voltage regulator 
7. What are the limitations of transistorised power supplies ? 
8. Draw the circuit of the most practical valve operated power supply and explain its working. 


Problems 


1. A voltage regulator is rated at an output current of J, = 0 to 40 mA. Under no-load conditions, the 
ouput voltage from the circuit is 8V. Under full-load conditions, the output voltage from the circuit is 
7.996 V. Determine the value of load-regulation for the circuit. [100 pV/mA] 


2. The zener diode in Fig. 17.32 has values of J, ,,,,,, = 3 mA and I, a= 100 mA. What is the minimum 
allowable value of R, ? [241 Q] 
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Q 
R,=1kQ 
+20V V; 0 V,, 
_ (unregulated (regulated 
voltage) voltage) 
Vz = ov R, 
Ry 
Fig. 17.32 Fig. 17.33 
3. What regulated output voltage is provided by the circuit of Fig. 17.33 for circuit elements : R, = 20 
kQ, R, = 30 kQ and V, = 8.3V? [15 V] 


4. Calculate the output voltage and zener diode current in the regulator circuit of Fig. 17.34 
[7.6 V, 3.66 mA] 


(B = 100) 


(unregulated) 
1.8 kQ 


Fig. 17.34 Fig. 17.35 


5. If R, in Fig. 17.35 is adjusted to 1.68 kQ, determine the regulated d.c.output voltage for the LM 317. 
[10 V] 


Discussion Questions 


. Why do you prefer d.c. power supply to batteries ? 

. Howcan you improve the regulation of an ordinary power supply ? 

. How does zener maintain constant voltage across load in the breakdown region? 
. Why is ionising potential of glow tube less than striking potential ? 


. What is the practical importance of voltage regulation in power supplies ? 
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INTRODUCTION 


electrical circuit in many operations. In some appli- 

cations, it 1s desirable and necessary that this make 
and break should be very quick and without sparking. 
The mechanical switches cannot be used for the pur- 
pose for two main reasons. Firstly, a mechanical switch 
has high inertia which limits its speed of operation. Sec- 
ondly, there is sparking at the contacts during breaking 
operation which results in the burning of the contacts. 


|: practice, it is often required to make or break an 


The researches in the past years have revealed that 
tubes and transistors can serve as switching devices. 
They can turn ON or OFF power in an electrical circuit 
at a very high speed without any sparking. Such switches 
are known as electronic switches. The electronic 
switches are being extensively used to produce non-si- 
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nusoidal waves e.g., square, rectangular, triangular or saw-tooth waves. Solid-state switching circuits 
are finding increasing applications. For example, solid-state switching circuits are the fundamental 
components of modern computer systems. In this chapter, we shall confine our attention to transistor 
as a switch. Once the reader gets acquainted with the switching action of a transistor, he can continue 
to study digital electronics on his/her own. 


18.1 Switching Circuit 


A circuit which can turn ON or OFF current in an electrical circuit is known as a switching circuit. 


A switching circuit essentially consists of two parts viz. (i) a switch and (i) associated circuitry. 
The switch is the most important part of the switching circuit. It actually makes or breaks the electri- 
cal circuit. The function of associated circuitry is to help the switch in turning ON or OFF current in 
the circuit. It may be worthwhile to mention here that associated circuitry 1s particularly used with 
electronic switches. 


18.2 Switch 


A switch 1s a device that can turn ON or OFF current 1n an electrical circuit. It is the most important 
part of a switching circuit. The switches can be broadly classified into the following three types : 


(t) Mechanical switch 
(ii) Electro-mechanical switch or Relay 
(iit) Electronic switch 


Although the basic purpose of this chapter is to discuss the switching action of a transistor, yet a 
brief description of mechanical and electromechanical switches is being presented. This will help the 
reader to understand the importance of transistor as a switch. 


18.3 Mechanical Switch 


A switch which is operated mechanically to turn ON or OFF current in 
an electrical circuit is known as a mechanical switch. 


S 


The familiar example of a mechanical switch is the tumbler switch 
used in homes to turn ON or OFF power supply to various appliances 
such as fans, heaters, bulbs etc. The action of a mechanical switch can 
be beautifully understood by referring to Fig. 18.1 where a load R, is 
connected in series with a battery and a mechanical switch S. As long as the switch is open, there is 
no current in the circuit. When switch is closed, the current flow 1s established 1n the circuit. It1s easy 
to see that the whole current flows through the load as well as the switch. 


Fig. 18.1 


Limitations. A mechanical switch suffers from 
the following drawbacks : 


(i) In the closed position, the switch carries 
the whole of the load current. For a large load cur- 
rent, the switch contacts have to be made heavy to 
enable them to carry the necessary current without 
overheating. This increases the size of the switch. 


(ii) If the load current carried by the circuit 1s 
large, there will be sparking at the contacts of the 
switch during breaking operation. This results in 
the wear and tear of the contacts. 


(iii) Due to high inertia of a mechanical switch, 
the speed of operation 1s very small. Mechanical Switches 
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Due to above limitations, the use of mechanical switches 1s restricted to situations where switch- 
ing speed is small and the load current to be handled 1s not very heavy. 


18.4 Electro-mechanical Switch or Relay 


It is a mechanical switch which is operated electrically to turn ON or OFF current in an electrical 
circuit. 


The electro-mechanical 
switch or relay 1s an improved 
form of simple mechanical switch. 
Fig. 18.2 shows the schematic dia- 
gram of a typical relay. It consists 
of lever L carrying armature A and 
a solenoid C. The spring pulls the 
lever upwards while the solenoid 
when energised pulls it down- 


wards. The solenoid circuit is so | 
designed that when switch S is . 7 
Ss 


closed, the downward pull of the 
solenoid exceeds the upward pull 
of the spring. 


When the switch S'1s closed, 

the lever is pulled downward and SOLENOID 
the armature A closes the relay 
contacts 1 and 2. This turns ON 
current in the circuit. However, 
when switch S is opened, the so- 
lenoid is de-energised and the spring pulls the lever and hence the armature A upwards. Conse- 
quently, the relay contacts 1 and 2 are opened and current flow in the circuit is interrupted. In this 
way, arelay acts as a switch. 


Fig. 18.2 


Advantages. A relay possesses the following advantages over a simple mechanical switch : 


(i) The relay or electro-mechanical switch requires a small power for its operation. This per- 
mits to control a large power in the load by a small power to the relay circuit. Thus a relay acts as a 
power amplifier i.e. it combines control with power amplification. 


(it) The switch in the relay coil carries a small current as compared to the load current. This 
permits the use of a smaller switch in the relay coil circuit. 


(ii) The operator can turn ON or OFF power to a load even from a distance. This is a very 
important advantage when high voltages are to be handled. 


(iv) There is no danger of sparking as the turning ON or OFF 1s carried by the relay coil switch 
which carries a small current. 


However, a relay has two principal limitations. First, the speed of operation 1s very small; less 
than 5 operations per second. Secondly, a relay has moving parts and hence there 1s considerable 
wear and tear. 


18.5 Electronic Switches 


It is a device which can turn ON or OFF current in an electrical circuit with the help of electronic 
devices e.g., transistors or tubes. 
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Electronic switches have become very popular because of their high speed of operation and 
absence of sparking. A transistor can be used as a switch by driving it back and forth between 
saturation and cut off. This 1s illustrated in the discussion below : 


+ Vcc 


Fig. 18.3 


(i) When the base input voltage is enough negative, the transistor 1s cut off and no current flows 
in collector load [See Fig. 18.3 (/)]. As a result, there is no voltage drop acorss R, and the output 
voltage is *ideally Wao. ie., 

Io = 0 and Vor=Voc 
This condition is similar to that of an open switch (i.e., OFF state) as shown in Fig. 18.3 (i). 


Fig. 18.4 


(it) When the input base voltage 1s positive enough that transistor saturates, then J,,,,., will flow 


(sat) 
through R.. Under such conditions, the entire }’.. will drop across collector load R, and output 


* The collector current will not be zero since a little leakage current always flows even when the base input 
voltage is negative or zero. 


Output voltage = Vo4-l1 Ro. fl 


joakngel eG = QO, then output voltage = Vo. 


leakage 


472 @ Principles of Electronics 


voltage 1s ideally zero i.e., 


Vy 
=] and J’ 


I = CC = 
C(sat) Ra CE 


Cc 


This condition is similar to that of a closed switch (i.e., ON 
state) as shown in Fig. 18.4 (ii). 


Conclusion. The above discussion leads to the conclusion 
that a transistor can behave as a switch under proper conditions. 
In other words, if the input base voltages are enough negative 
and positive, the transistor will be driven between cut off and 
saturation. These conditions can be easily fulfilled 1n a transis- 
tor circuit. Thus a transistor can act as a switch. Fig. 18.5 shows 
the switching action of a transistor in terms of dc load line. The 


Ic (sat) A 


Fig. 18.5 


point A of the load line represents 
the ON condition while point B rep- 
resents the OFF condition. 


Example 18.1. Determine 
the minimum high input voltage 
(+1) required to saturate the tran- 
sistor switch shown in Fig. 18.6. 


Solution. Assuming the 
transistor to be ideal, 


Electronic Switches 


leary = VocdlRe = 10 V/1kQ = 10mA 


C(sat) 
7. = Fc(sat) = 10mA _ 01mA 
2 B 100 
Now +) = [pRygt Vor 


= (0.1 mA) (47kQ)+0.7 
= 47+0.7 =5.4V 


+Vec=10V 


Fig. 18.6 
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Hence in order to saturate the transistor, we require + 5.4 V. 


18.6 Advantages of Electronic Switches 


The following are the advantages of transistor switch over other types of switches : 

(i) It has no moving parts and hence there 1s little wear and tear. Therefore, it gives noiseless 
operation. 

(ii) It has smaller size and weight. 

(iii) It gives troublefree service because of solid state. 

(iv) It 1s cheaper than other switches and requires little maintenance. 


(v) It has avery fast speed of operation say upto 10° operations per second. On the other hand, 
the mechanical switches have a small speed of operation e.g. less than 5 operations in a second. 


18.7. Important Terms 


So far we have considered the transistor to be an ideal one. An ideal transistor has Va, = Voc (orl 
= 0) in the OFF state and J,= 0 (orl. =1 C(saty) in the ON state. However, such ideal conditions are 
not realised in practice. In a practical transistor, the output voltage is neither J’. in the OFF state nor 
it is zero in the ON state. While designing a transistor 
switching circuit, these points must be taken into consid- 
eration. 


+ Voe 


(i) Collector leakage current. When the input cir- 
cuit is reverse biased or input voltage is zero, a small 
current (a few pA) flows in the collector. This is known 
as collector leakage current and is due to the minority 
carriers. The value of this leakage current is quite large 
in Ge transistors, but in modern silicon transistors, the 
value of leakage current is low enough to be ignored. 


(ii) Saturation collector current. /t is the maxi- 
mum collector current for a particular load in a transis- 


for. 


. 8 Fig. 18.7 
Consider an npn transistor having a load Kz in its 7 


collector circuit as shown in Fig. 18.7. As the input forward bias 1s increased, the collector current J, 
also increases because J, = B/,. However, with the increase in J, the voltage drop across Rj in- 
creases. This results in the *decrease of J’.,. When J’, drops to knee voltage (J7,,,.), any further 
increase in collector current is not possible since B decreases sharply when J’., falls below knee 
voltage. This maximum current is known as saturation collector current. 


Voc a V pe 


Ko 


Saturation collector current, [, ea. = 


18.8 Switching Transistors 


A transistor which is used as a switch is known as a switching transistor. 


In general, switching transistor 1s fabricated by the same process as an ordinary transistor except 
that it has special design features to reduce switch-off time and saturation voltage. It1s so arranged in 
the circuit that either maximum current (called saturation collector current) flows through the load or 
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minimum current (called collector leakage current) flows through the load. In other words, a switch- 
ing transistor has two states viz. (7) ON state or when collector saturation current flows through the 
load (77) OFF state or when collector leakage current flows through the load. In the discussion that 
follows transistor means the switching transistor. 


18.9 Switching Action of a Transistor 


The switching action of a transistor can also be explained with the help of output characteristics. Fig. 
18.8 shows the output characteristics of a typical transistor for a CE configuration. The load line is 
drawn for load RK, and collector supply I’... The characteristics are arranged in three regions : OFF, 
ON or saturation and active regions. 


+ Vcc 


Fig. 18.8 


(i) OFF region. When the input base voltage is zero or *negative, the transistor is said to be in 
the OFF condition. In this condition, J, = 0 and the collector current 1s equal to the collector leakage 
current Jugo. The value of [4,9 can be obtained from the characteristics if we know Vay. 


Power loss = Output voltage x Output current 


As already noted, in the OFF condition, the output voltage = I’... since voltage drop in the load 
due to Juno 18 negligible. 


co X logo 


Since [ano 18 very small as compared to full-load current that flows in the ON condition, power 
loss in the transistor 1s quite small in the OFF condition. It means that the transistor has a high 
efficiency as a switch in the OFF condition. 


Power loss = |] 


(ii) ON or saturation region. When the input voltage 1s made so much positive that saturation 
collector current flows, the transistor is said to be in the ON condition. In this condition, the satura- 
tion collector current is given by : 

I = Voo ~ Vinee 
G 
(sat) Ra 
Power loss = Output voltage x Output current 
* Ifa small negative voltage is given to the input, the base-emitter junction is reverse biased and load current 
becomes Ip, instead of [po. 
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The output voltage in the ON condition is equal to T’,,,,, and output current 1s Loy,ay); 


- Power loss = Vince XLevsat) 
Again the efficiency of transistor as a switch in the ON condition is high. It is because the power 
loss in this condition is quite low due to small value of J’, 


(iii) Active region. Jt is the region that lies between OFF and ON conditions. 


The OFF and ON regions are the stable regions of operation. The active region is the unstable 
(or transient) region through which the operation of the transistor passes while changing from OFF 
state to the ON state. Thus referring to Fig. 18.8, the path AB is the active region. The collector 
current increases from Jono to Jcysqr) along the path AB as the transistor 1s switched ON. However, 
when the transistor 1s switched OFF, the collector current decreases from [¢,4 to Jogo along BA. 


Conclusions 


(a) In the active region, the transistor operates as a Jinear amplifier where small changes in 
input current (A/,) cause relatively large changes in output current (A/,). 


(b) Inthe saturation state, the transistor behaves like a virtual short (collector — emitter shorted), 
where J”. 18 approximately zero and J. is maximum, limited only by the resistance R, in the collec- 
tor. In the cut off state, the transistor behaves like an open circuit (collector-emitter open), where J. 1s 
practically zero and J’.,,1s equal to supply voltage J’... Thus transistor in the saturation and cut 
off states behaves as a switch—saturation state corresponds to the closure of switch and cut off state 
corresponding to opening of switch. 

Note. Transistor switch is inferior to mechanical switch or relay in one respect. When the mechanical 
switch or relay is in the OFF condition, the load current is exactly zero. But when transistor switch is in the OFF 
condition, the collector current is not zero but is equal to small collector leakage current. However, for all 
practical purposes, this small collector leakage current may be neglected. 


Example 18.2. A transistor is used as a switch. If Vag = 10V; Re = 1 kQ and Teg, = 10 pA, 
determine the value of Vx, when the transistor is (i) cut off and (ii) saturated. 


Solution. 
(i) Atcut off 
(ae oe ine 
Vow = VeomlLepo Re 
= 10 V-10uvAx 1kQ=10V-10mV=9.99V 
(ti) At saturation 
I. = Lec Tt ines 
C (sat) Ro 
V ge = V ge = UTV 


Example 18.3. Fig. 18.9 shows the transistor switching circuit. Given that Rz = 2.7 kQ, Vp = 
2, View = OV and Vy, = Oe 


(i) Calculate the minimum value of B for saturation. 


(ii) If Vz,is changed to IV and transistor has minimum B = 50, will the transistor be saturated. 


Solution. 
(i) I, = —— 
2V-0.7V 13V 
27kQ 2.7kQ ~0.48mA 
Now lo (sat) = Voc —F inee 


Re 


476 @ Principles of Electronics 


+ Voc = 10V 


Fig. 18.9 
10V -0.7V _ 93V 


an Le vsat _93mA _iy, 
inmum B = I, O48mA ~~ 


| pp 


ae 
II 
— 
by 
by 


(it) 
IV-0.7V _ 03V 
— “27kKQ 2.7kQ =0.111mA 
. I, = Blp=50x0.111=5.55mA 
Since the collector current is less than saturation current (= 9.3 mA), the transistor will not be 
saturated. 


18.10 Multivibrators 


An electronic circuit that generates square waves (or other non-sinusoidals such as rectangular, 
saw-tooth waves) is known as a *multivibrator. 


FEEDBACK 


FEEDBACK 


SECOND 
STAGE 


Vout 
ry 


Fig. 18.10 


A multivibrator is a switching circuit which depends for operation on positive feedback. It is 
basically a two-stage amplifier with output of one fedback to the input of the other as shown in 


Fig. 18.10. 


* The name multivibrator is derived from the fact that a square wave actually consists of a large number of 
(fourier series analysis) sinusoidals of different frequencies. 
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The circuit operates in two states (viz ON and OFF) controlled by circuit conditions. Each ampli- 
fier stage supplies feedback to the other in such a manner that will drive the transistor of one stage to 
saturation (ON state) and the other to cut off (OFF state). 


After a certain time controlled by circuit con- 
ditions, the action is reversed i.e. saturated stage 
is driven to cut off and the cut off stage is driven 
to saturation. The output can be taken across e1- 
ther stage and may be rectangular or square wave 
depending upon the circuit conditions. 

Fig. 18.10 shows the block diagram of a 
multivibrator. Itis a two-stage amplifier with 100% 
positive feedback. Suppose output is taken across 
the transistor Q,. At any particular instant, one 


transistor is ON and conducts J...) while the other a 
is OFF. Suppose Q, 1s ON and Q, is OFF. The Fig. 18.11 
collector current in Q, will be J,,,,,, a8 shown in 


Fig. 18.11. This condition will prevail for a time (bc 1n this case) determined by circuit conditions. 
After this time, transistor Q, 1s cut off and Q, is turned ON. The collector current in Q, 1s now Jano 
as shown. The circuit will stay in this condition for a time de. Again Q, 1s turned ON and Q, 1s driven 
to cut off. In this way, the output will be a square wave. 


18.11 Types of Multivibrators 


A multivibrator is basically a two-stage amplifier with output of one fedback to the input of the other. 
At any particular instant, one transistor 1s ON and the other is OFF. After a certain time depending 
upon the circuit components, the stages reverse their conditions — the conducting stage suddenly cuts 
off and the non-conducting stage suddenly starts to conduct. The two possible states of a multivibrator 
are : 


ON OFF 
First State oF dz, 
Second State oF —O, 


Depending upon the manner in which the two stages interchange their states, the multivibrators 
are Classified as : 


(i) Astable or free running multivibrator 
(ti) Monostable or one-shot multivibrator 
(iii) Bui-stable or flip-flop multivibrator 


Fig. 18.12 shows the input/output relations for the three types of multivibrators. 

(i) The astable or free running multivibrator alternates automatically between the two states 
and remains in each for a time dependent upon the circuit constants. Thus it 1s just an oscillator since 
it requires no external pulse for its operation. Of course, it does require a source of d.c. power. 
Because it continuously produces the square-wave output, it is often referred to as a free running 
multivibrator. 


(ii) The monostable or one-shot multivibrator has one state stable and one quasi-stable (i.e. 
half-stable) state. The application of input pulse triggers the circuit into its quasi-stable state, in 
which it remains for a period determined by circuit constants. After this period of time, the circuit 
returns to its initial stable state, the process is repeated upon the application of each trigger pulse. 
Since the monostable multivibrator produces a single output pulse for each input trigger pulse, it 1s 
generally called one-shot multivibrator. 
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Input Circuit Output 
ASTABLE | | | | | | 
NONE MULTIVIBRATOR 
Ty 
T 
a MONOSTABLE | | 
MULTIVIBRATOR 
ik 
BISTABLE 
Ne MULTIVIBRATOR 


Fig. 18.12 


(iii) The bistable multivibrator has both the two states stable. It requires the application of an 
external triggering pulse to change the operation from either one state to the other. Thus one pulse 1s 
used to generate half-cycle of square wave and another pulse to generate the next half-cycle of square 
wave. It is also known as a flip-flop multivibrator because of the two possible states it can assume. 


18.12 Transistor Astable Multivibrator 


A multivibrator which generates square waves of its own (i.e. without any external triggering pulse) 
is known as an astable or free running multivibrator. 


The *astable multivibrator has no stable state. It switches back and forth from one state to the 
other, remaining in each state for a time determined by circuit constants. In other words, at first one 
transistor conducts (i.e. ON state) and the other stays in the OFF state for some time. After this period 
of time, the second transistor 1s automatically turned ON and the first transistor is turned OFF. Thus 
the multivibrator will generate a square wave output of its own. The width of the square wave and its 
frequency will depend upon the circuit constants. 

Circuit details. Fig. 18.13 shows the circuit of a typical transistor astable multivibrator using 
two identical transistors 0, andQ,. The circuit essentially consists of two symmetrical CE amplifier 
stages, each providing a feedback to the other. Thus collector loads of the two stages are equal i.e. 
R, = R, and the biasing resistors are also equal i.e. R, = R,. The output of transistor Q, 1s coupled to 
the input of Q, through C, while the output of Q, 1s fed to the input of Q, through C,. The square 
wave output can be taken from Q, or Q,. 

Operation. When J’... 1s applied, collector currents start flowing in Q, and Q.. In addition, the 
coupling capacitors C, and C, also start charging up. As the characteristics of no two transistors 
(i.e. B, V’,,) are exactly alike, therefore, one transistor, say Q,, will conduct more rapidly than the 
other. The rising collector current in Q, drives its collector more and more positive. The increasing 
positive output at point A 1s applied to the base of transistor Q, through C,. This establishes a reverse 


* A means not. Hence astable means that it has no stable state. 
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- Voc 


QO, OUTPUT 


Fig. 18.13 


bias on Q, and its collector current starts decreasing. 
As the collector of Q, 1s connected to the base of Q, 
through C,, therefore, base of Q, becomes more nega- 
tive i.e. Q, 1s more forward biased. This further in- 
creases the collector current in Q, and causes a further 
decrease of collector current in Q,. This series of ac- 
tions 1s repeated until the circuit drives Q, to satura- 
tion and Q, to cut off. These actions occur very rap- 
idly and may be considered practically instantaneous. 0 ——> TIME 
The output of Q, (ON state) 1s approximately zero and Fig. 18.14 

that of O, (OFF state) 1s approximately 4. This is 

shown by ab in Fig. 18.14. 


When Q, 1s at saturation and Q, 1s cut off, the full voltage J’... appears across R, and voltage 
across R, will be zero. The charges developed across C, and C, are sufficient to maintain the satura- 
tion and cut off conditions at Q, and Q, respectively. This condition 1s represented by time interval bce 
in Fig. 18.14. However, the capacitors will not retain the charges indefinitely but will discharge 
through their respective circuits. The discharge path for C,, with plate L negative and QO, conducting, 
is LAO, VacRM as shown in Fig. 18.15 (i). 


The discharge path for C’,, with plate K negative and Q, cut off, is KBR,R,J as shown in Fig. 
18.15 (ii). As the resistance of the discharge path for C, 1s lower than that of C,, therefore, C, will 
discharge more rapidly. 

As C, discharges, the base bias at 0, becomes less positive and at a time determined by R, and 
C,, forward bias 1s re-established at Q,. This causes the collector current to startin Q,. The increas- 
ing positive potential at collector of Q, is applied to the base of Q, through the capacitor C,. Hence 
the base of Q, will become more positive i.e. Q, 1s reverse biased. The decrease in collector current 
in Q, sends a negative voltage to the base of Q, through C,, thereby causing further increase in the 
collector current of Q,. With this set of actions taking place, Q, 1s quickly driven to saturation and OQ, 
to cut off. This condition 1s represented by cd in Fig. 18.14. The period of time during which Q, 
remains at saturation and Q, at cut off 1s determined by C,, and R,. 


—»> OUTPUT 
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(ii) 


Fig. 18.15 

ON or OFF time. The time for which either transistor remains ON or OFF 1s given by : 
ON time for Q, (or OFF time for Q,,) is 

1, = 0.694K,C, 
OFF time for Q, (or ON time for Q,) is 

T, = 0.694R,C, 
Total time period of the square wave 1s 

T = T,+T, = 0.694 (R,C, +R, C,) 
AsR, = R, = RandC, = C, = C, 
T = 0.694 (RC + RC) = 1.4. RC seconds 


Frequency of the square wave is 
f= a = oF Hz 

It may be noted that in these expressions, R is in ohms and C in farad. 

Example 18.4. Jn the astable multivibrator shown in Fig. 18.13, R,=R,= 10kQandC, =C, 

= 0.01 nF Determine the time period and frequency of the square wave. 

Solution. 

Here R = 10kQ = 10°Q;C = 0.01 uF = 10°F 

Time period of the square wave 1s 
T = 14RC = 14x 10*x 10 second 


1.4x10~ second = 1.4x 10x 10°m sec 


= 0.14m sec 
Frequency of the square wave 1s 
1 1 
— ————E Hz — ——__ 
f T in second 14x10~ 


7x 10° Hz = 7kHz 
18.13 Transistor Monostable Multivibrator 


A multivibrator in which one transistor is always conducting (i.e. in the ON state) and the other is 
non-conducting (i.e. in the OFF state) is called a monostable multivibrator. 
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A *monostable multivibrator has only one state stable. In other words, if one transistor 1s con- 
ducting and the other 1s non-conducting, the circuit will remain in this position. It is only with the 
application of external pulse that the circuit will interchange the states. However, after a certain time, 
the circuit will automatically switch back to the original stable state and remains there until another 
pulse is applied. Thus a monostable multivibrator cannot generate square waves of its own like an 
astable multivibrator. Only external pulse will cause it to generate the square wave. 


Circuit details. Fig. 18.16 shows the circuit of a transistor monostable multivibrator. It consists 
of two similar transistors Q, and Q, with equal collector loads i.e. R, =R,. The values of I’,, and R, 
are such as to reverse bias Q, and keep it at cut off. The collector supply I’... and R, forward bias Q, 
and keep it at saturation. The input pulse is given through C, to obtain the square wave. Again output 
can be taken from Q, or Q,,. 


7 Voc 


2, OUTPUT 


Fig. 18.16 


Operation. With the circuit arrangement 
shown, Q, is at cut off and Q, is at saturation. 
This is the stable state for the circuit and it will 
continue to stay in this state until a triggering pulse TES. 


ie EER Eh BEE & i ee 


PRE SSFP RRERESSPSPRREE EE 

1s applied at C,. When a negative pulse of short wr tes beta rar ar ts fact ee 

duration and sufficient magnitude is applied to TTRR EUR T CPC RR re 

the base of Q, through C,,, the transistor Q, starts FEES SS ee REE ee 
: at : , , RPREREE ERE HMR BRE ERE EPR es 2 

conducting and positive potential is established nia Were 

at its collector. The positive potential at the col- , 

Cee eee PP Pee ee Tree erg 
lector of Q, 1s coupled to the base of Q, through =e a 
capacitor C,. This decreases the forward bias on Fae . ee ores . - ” . . 
Q, and its collector current decreases. The increas- - - - « - ~ ae - - - - ; -'1-- - > a - 


ing negative potential on the collector of Q, is 
applied to the base of Q, through R,. This further 
increases the forward bias on Q, and hence its 
collector current. With this set of actions taking 


place, Q, is quickly driven to saturation and Q, to Monostable Multivibrator 
cut off. 


' A 
| 
- : 
{ 
re 
| 


* Mono means single. 
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With Q, at saturation and Q, at cut off, the circuit will come back to the original stage (.e. Q, at 
saturation and Q, at cut off) after some time as explained in the following discussion. The capacitor 
C, (charged to approximately J’..) discharges through the path R,V’7.,Q,. AsC, discharges, it sends 
a voltage to the base of Q, to make it less positive. This goes on until a point is reached when forward 
bias is re-established on Q, and collector current starts to flow in Q,. The step by step events already 
explained occur and Q, is quickly driven to saturation and Q, to cut off. This is the stable state for the 
circuit and it remains in this condition until another pulse causes the circuit to switch over the states. 


18.14 Transistor Bistable Multivibrator 


A multivibrator which has both the states stable is called a bistable multivibrator. 


The bistable multivibrator has both the states stable. It will remain in whichever state it happens 
to be until a trigger pulse causes it to switch to the other state. For instance, suppose at any particular 
instant, transistor Q, 1s conducting and transistor Q, is at cut off. Ifleft to itself, the bistable multivibrator 
will stay in this position forever. However, if an external pulse 1s applied to the circuit in such a way 
that Q, is cut off and Q, is turned on, the circuit will stay in the new position. Another trigger pulse 
is then required to switch the circuit back to its original state. 


Circuit details. Fig. 18.17 shows the circuit of a typical transistor bistable multivibrator. It 
consists of two identical CE amplifier stages with output of one fed to the input of the other. The 
feedback is coupled through resistors (R,, R,) shunted by capacitors C, and C’,. The main purpose of 
capacitors C, and C, is to improve the switching characteristics of the circuit by passing the high 
frequency components of the square wave. This allows fast rise and fall times and hence distortionless 
square wave output. The output can be taken across either transistor. 
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Fig. 18.17 


Operation. When I’... is applied, one transistor will start conducting slightly ahead of the other 
due to some differences in the characteristics of the transistors. This will drive one transistor to 


Solid-State Switching Circuits # 483 


saturation and the other to cut off in a manner described for the astable multivibrator. Assume that Q, 
is turned ON and Q, is cut OFF. If left to itself, the circuit will stay in this condition. In order to 
switch the multivibrator to its other state, a trigger pulse must be applied. Anegative pulse applied to 
the base of Q, through C, will cut it off or a positive pulse applied to the base of Q, through C,, will 
cause it to conduct. 

Suppose a negative pulse of sufficient magnitude 1s applied to the base of Q, through C,. This 
will reduce the forward bias on Q, and cause a decrease in its collector current and an increase in 
collector voltage. The rising collector voltage 1s coupled to the base of Q, where it forward biases the 
base-emitter junction of Q,. This will cause an increase in its collector current and decrease in 
collector voltage. The decreasing collector voltage is applied to the base of Q, where it further 
reverse biases the base-emitter junction of Q, to decrease its collector current. With this set of actions 
taking place, Q, is quickly driven to saturation and Q, to cut off. The circuit will now remain stable in 
this state until a negative trigger pulse at Q, (or a positive trigger pulse at O,) changes this state. 


18.15 Differentiating Circuit 


A circuit in which output voltage is directly proportional to the derivative of the input is known as a 
differentiating circuit. 


d 
Output e — (Input 
p 7p mpu 


A differentiating circuit is a simple RC series circuit with output taken across the resistor R. The 
circuit 1s suitably designed so that output 1s proportional to the derivative of the input. Thus if a d.c. 
or constant input 1s applied to such a circuit, the output will be zero. It 1s because the derivative of a 
constant 1s zero. 


OUTPUT =e, 


Fig. 18.18 


Fig. 18.18 shows a typical differentiating circuit. The output across R will be the derivative of 
the input. It is important to note that merely using voltage across R does not make the circuit a 
differentiator; it is also necessary to set the proper circuit values. In order to achieve good differen- 
tiation, the following two conditions should be satisfied : 

(i) The time constant RC of the circuit should be much smaller than the time period of the input 
wave. 

(ii) The value of X, should be 10 or more times larger than R at the operating frequency. 

Fulfilled these conditions, the output across R in Fig. 18.18 will be the derivative of the input. 

Let e, be the input alternating voltage and let i be the resulting alternating current. The charge g 
on the capacitor at any instant is 


q = Ce, 
dq d d 
Ww 7 — oe = — C 
No dt dt 9) at * ec) 
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d 
pF = C— 
or I di (e,) 
Since the capacitive reactance is very much larger than R, the input voltage can be considered 
equal to the capacitor voltage with negligible error i.e. e, = e.. 
d 
/ = C— Ce 
i di (e;) 


Output voltage, e, = iR 


o — (e;) (.. RC is constant) 


Output voltage « “ (Input) 


Output waveforms. The output waveform from a differentiating circuit depends upon the time 
constant and shape of the input wave. Three important cases will be considered. 


(i) When input is a square wave. When the input fed to a differentiating circuit is a square 
wave, output will consist of sharp narrow pulses as shown 1n Fig. 18.19. During the OC part of input 
wave, its amplitude changes abruptly and hence the differentiated wave will be a sharp narrow pulse 
as shown in Fig. 18.19. However, during the constant part CB of the input, the output will be zero 
because the derivative of a constant 1s zero. 


Input Waveform 


Fig. 18.19 


Let us look at the physical explanation of this behaviour of the circuit. Since time constant RC of 
the circuit is very small w.t. time period of input wave and X,. >> R, the capacitor will become fully 
charged during the early part of each half-cycle of the input wave. During the remainder part of the 
half-cycle, the output of the circuit will be zero because the ca- 


pacitor voltage (e ,) neutralises the input voltage and there can be 
no current flow through R. Thus we shall get sharp pulse at the Z\Z\ 
output during the start of each half-cycle of input wave whilefor 6 


the remainder part of the half-cycle of input wave, the output will 
be zero. In this way, a symmetrical output wave with sharp posi- 
tive and negative peaks is produced. Such pulses are used in 
many ways in electronic circuits e.g. in television transmitters 
and receivers, in multivibrators to initiate action etc. ne 
(ii) When input is a triangular wave. When the input fed 
to a differentiating circuit is a triangular wave, the output will be : 
arectangular wave as shown in Fig. 18.20. During the period OA Fig. 18.20 
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of the input wave, its amplitude changes at a constant rate and, therefore, the differentiated wave has 
a constant value for each constant rate of change. During the period AB of the input wave, the change 
is less abrupt so that the output will be a very narrow pulse of rectangular form. Thus when a triangu- 
lar wave is fed to a differentiating circuit, the output consists of a succession of rectangular waves of 
equal or unequal duration depending upon the shape of the input wave. 


(iii) When input is a sine wave. A sine wave input becomes a cosine wave and a cosine wave 
input becomes an inverted sine wave at the output. 

Example 18.5. (i) What is the effect of time constant of an RC circuit on the differentiated wave? 

(ii) Sketch the output waveform from the differentiating circuit when input is square wave for 
T = 100RC,T =10RC,T = RC. 

Solution. 

(i) Inan RC differentiating circuit, the output voltage is taken across R and the waveform of the 


output depends upon the time constant of the circuit. The circuit will function as a differentiator if the 
product RC is many times smaller than the time period of the input wave. 


(ii) Square wave input. Fig. 18.21 shows the input square wave fed to a differentiating circuit. 
Fig. 18.22 shows the output waveforms for different values of time period of the input wave. 


INPUT WAVEFORM 
Fig. 18.21 


It may be noted that RC coupling circuit 1s the same as a differentiating circuit except that it has 
a long time constant—in excess of 5 RC. Therefore, a coupling circuit does not noticeably differen- 
tiate the input wave. 


€5 €y €o 
+5V +5V +5V 
0 t 0 t 0 t 
-5V -5V -5V 
T= 100RC T=10RC T= RC 


Fig. 18.22 


Example 18.6. /n a differentiating circuit, R = 10 kQ and C = 2.2 nF. If the input voltage goes 
from 0 V to 10 V ata constant rate in 0.4 s, determine the output voltage. 


Solution. 
— pc4ee) = pct 
e, = RC i (e,) = RC Ht ... See Art. 18.15 
H R = 10k. C = 22pr, @ = 2 -a5vy 
oe 7 2S ae a = “Oa : 
e, = (10x 10°)x (2.2 x 10%) x25 = 0.55V 


486 @ Principles of Electronics 
18.16 Integrating Circuit 


A circuit in which output voltage is directly proportional to the integral of the input is known as an 
integrating circuit i.e. 
Output | Input 
An integrating circuit is a simple RC series circuit with output taken across the capacitor C as 


shown in Fig. 18.23. It may be seen that R and C of the differentiating circuit have changed places. In 
order that the circuit renders good integration, the following conditions should be fulfilled : 


OUTPUT = C, 


Fig. 18.23 


(i) The time constant RC of the circuit should be very large as compared to the time period of 
the input wave. 
(ii) The value of R should be 10 or more times larger than X¢. 
Let e, be the input alternating voltage and let i be the resulting alternating current. Since F 1s very 
large as compared to capacitive reactance X,, of the capacitor, it is reasonable to assume that voltage 
across R (i.e. én) 18 equal to the input voltage i.e. 


C= ey 
e e 
Ow i RR 
The charge g on the capacitor at any instant is 
gq = fi dt 
Output volt .2 218 
utput voltage, e, c= SC 
= F ; R 
l fed 
= Ro Jed 
oc le, dt ('.. RC is constant) 


Output voltage « [ Input 


Output waveforms. The output waveform from an integrating circuit depends upon time con- 
stant and shape of the input wave. Two important cases will be discussed : 


(i) When input is a square wave. When the input fed to an integrating circuit 1s a square 
wave, the output will be a triangular wave as shown in Fig. 18.24 (7). As integration means summa- 
tion, therefore, output from an integrating circuit will be the sum of all the input waves at any instant. 
This sum is zero at A and goes on increasing till 1t becomes maximum at C. After this, the summation 
goes on decreasing to the onset of negative movement CD of the input. 
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INPUT INPUT 


(i) (ii) 
Fig. 18.24 


(ii) When input is rectangular wave. When the input fed to an integrating circuit is a rectangu- 
lar wave, the output will be a triangular wave as shown in Fig. 18.24 (ii). 


18.17 Important Applications of Diodes 
We have seen that diodes can be used as rectifiers. Apart from this, diodes have many other applica- 
tions. However, we shall confine ourselves to the following two applications of diodes : 

(i) as a clipper (ii) as a clamper 

A clipper (or limiter) is used to clip off or remove a portion of an a.c. signal. The half-wave 
rectifier 1s basically a clipper that eliminates one of the alternations of an a.c. signal. 


A clamper (or dc restorer) is used to restore or change the dc reference of an ac signal. For 
example, you may havea 10 J’, ac signal that varies equally above and below 2 V de. 


18.18 Clipping Circuits 
The circuit with which the waveform is shaped by removing (or clipping) a portion of the applied 
wave is known as a clipping circuit. 


Clippers find extensive use in radar, digital and other electronic systems. Although several clip- 
ping circuits have been developed to change the wave shape, we shall confine our attention to diode 
clippers. These clippers can remove signal voltages above or below a specified level. The important 
diode clippers are (1) positive clipper (i) biased clipper (vit) combination clipper. 

(i) Positive clipper. A positive clipper is that which removes the positive half-cycles of the 
input voltage. Fig. 18.25 shows the typical circuit of a positive clipper using a diode. As shown, the 
output voltage has all the positive half-cycles removed or clipped off. 


R 


(~) R, 2 OUTPUT 0 


| a Vin 


Fig. 18.25 
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The circuit action is as follows. During the positive half-cycle of the input voltage, the diode is 
forward biased and conducts heavily. Therefore, the voltage across the diode (which behaves as a short) 
and hence across the load R, is zero. Hence *output voltage during positive half-cycles is zero. 


During the negative half-cycle of the input voltage, the diode is reverse biased and behaves as an 
open. In this condition, the circuit behaves as a voltage divider with an output given by : 


Output voltage = — Vs 


Generally, R, is much greater than R. 
: Output voltage = —J”, 
It may be noted that if it is desired to remove the negative half-cycle of the input, the only thing 


to be done is to reverse the polarities of the diode in the circuit shown in Fig. 18.25. Such a clipper is 
then called a negative clipper. 


(ii) Biased clipper. Sometimes it is desired to remove a small portion of positive or negative 
half-cycle of the signal voltage. For this purpose, biased clipper is used. Fig. 18.26 shows the circuit 
of a biased clipper using a diode with a battery of I’ volts. With the polarities of battery shown, a 
portion of each positive half-cycle will be clipped. However, the negative half-cycles will appear as 
such across the load. Such a clipper is called biased positive clipper. 


The circuit action is as follows. The diode will conduct heavily so long as input voltage is greater 
than +)”. When input voltage is greater than +1’, the diode behaves as a short and the output equals +7”. 
The output will stay at +)’so long as the input voltage is greater than +]”. During the period the input 
voltage is less than +I’, the diode is reverse biased and behaves as an open. Therefore, most of the 
input voltage appears across the output. In this way, the biased positive clipper removes input voltage 
above +]” 

During the negative half-cycle of the input voltage, the diode remains reverse biased. Therefore, 
almost entire negative half-cycle appears across the load. 


Fig. 18.26 


If it is desired to clip a portion of negative half-cycles of input voltage, the only thing to be done 
is to reverse the polarities of diode or battery. Such a circuit 1s then called a biased negative clipper. 

(iii) Combination clipper. It is a combination of biased positive and negative clippers. With a 
combination clipper, a portion of both positive and negative half-cycles of input voltage can be re- 
moved or clipped as shown in Fig. 18.27. 


* It may be noted that all the input voltage during this half-cycle 1s dropped across R. 
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The circuit action is as follows. When positive input voltage is greater than +/’,, diode 
D, conducts heavily while diode D, remains reverse biased. Therefore, a voltage +1’, appears across 
the load. This output stays at +I’, so long as the input voltage exceeds +]. On the other hand, 
during the negative half-cycle, the diode D, will conduct heavily and the output stays at —J’, so 
long as the input voltage is greater than —I’,. Note that +I’, and —I’, are less than + JV”, and — J”, 
respectively. 

Between +], and —J’, neither diode is on. Therefore, in this condition, most of the input voltage 
appears across the load. It 1s interesting to note that this clipping circuit can give square wave output 
if }”, 1s much greater than the clipping levels. 


Example 18.7. For the negative series clipper shown in Fig. 18.28, what is the peak output 
voltage from the circuit ? 


Solution. When the diode 1s connected 1n series with the load, it 1s called a series clipper. Since 
it is a negative clipper, it will remove negative portion of input a.c. signal. 


Vin 
| | 


During the positive half-cycle of input signal, the dioide is forward biased. As a result, the diode 
will conduct. The output voltage is 
V cutee: © Vinge Oe = 12 OT SV 
During the negative half-cycle of input signal, the diode is reverse biased and consequently it 
will not conduct. Therefore, I’,,,=0. Note that under this condition, the entire input voltage will 
appear across the diode. 


V 


in 


out 


Fig. 18.28 


t 


Example 18.8. The negative shunt clipper shown in Fig. 18.29 (i) has a peak input voltage of 
+ 10 Vi What is the peak output voltage from this circuit ? 


Fig. 18.29 


Solution. When the diode is connected in parallel with the load, it is called a shunt clipper. 
During the positive half-cycle of input ac signal, the diode 1s reverse biased and it will behave as an 


open. This is shown in Fig. 18.29 (i). With diode as an open, 
Vout(peaky) = Peak voltage across R, 
k, 4 

—— V. = — X10 = 
R+R, ve) — 144 ey 


Note that peak output voltage is somewhat less than the peak input voltage. 
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Example 18.9. /n example 18.8, what will be the output voltage and voltage across R when the 
input voltage is -l10 V ? 


Solution. During the negative half-cycle of input signal, the diode is forward biased. Therefore, 
diode can be replaced by its simplified equivalent circuit as shown in Fig. 18.30. Since load 1s 
connected in parallel with the diode, 


J 
Voltage across R, |, 


= -0.7V 
(- 10)-(-0.7) = -10+0.7 = -9.3V 


Example 18.10. The positive shunt clipper shown in Fig. 18.31 has the input waveform as 
indicated. Determine the value of V.,,,for each of the input alternations. 


v 
out 


Fig. 18.31 
Solution. 
Positive half-cycle. During the positive half-cycle of the input ac signal, the diode 1s forward 
biased. Therefore, diode can be replaced by its simplified equivalent circuit as shown in 
Fig. 18.32. Since the load 1s connected in parallel with the diode, 


Ve, = 0.7 V 


out 


Fig. 18.32 


Negative half-cycle. During the negative half-cycle of the input a.c. signal, the diode is reverse 
biased and it conducts no current. Therefore, the diode will behave as an open as shown mn Fig. 18.33. 


V 


out 


e 
Fig. 18.33 


Ry, 
R+R, 


J bi (peak) Vi 


in ( peak) 
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_ ( 1000 


200 + a) AAI 


Again the peak output voltage 1s somewhat less than the peak input voltage. 
Example 18.11. Jn Fig. 18.31, what is the purpose of using the series resistance R ? 


Solution. The purpose of series resistance R is to protect the diode from damage. Let us explain 
this point. Suppose the series resistance R is not 1n the circuit. The circuit then becomes as shown in 
Fig. 18.34. 

During the positive half-cycle of the input signal, the diode 1s forward biased. Since series resis- 
tance R is not present, it 1s easy to see that the diode will short the signal source to the ground. As a 
result, excessive current will flow through the diode as well as through the signal source. This large 
current may damage/destroy either the diode or the signal source. 


‘a 


Fie. 18.34 


Note. The series resistance R protects the diode and signal source when diode is forward biased. 
However, the presence of this resistance affects the output voltage to a little extent. It is because in a 
practical clipper circuit, the value of RK is much lower than R,. Consequently, output voltage will be 
approximately equal to J’, when the diode is reverse biased. 


Example 18.12. For the input wave to the clipping circuit shown in Fig. 18.35, find the output 
waveform. 


Fig. 18.35 


Solution. For any value of J’, > 10V, the ideal diode 1s forward biased and J’ 
example, at }’,, = 15V [See Fig. 18, 36 @)|, = 15-10=5V. 


= J’",,— 10. For 


out 


out 


(i) (ii) 
Fig. 18.36 
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For any value of J’, < 10V, the ideal diode is reverse biased. Therefore, circuit current 1s zero and 
hence J”. .=0. For example, with I’, = SV [See Fig. 18.36 (i/)], V,,, =0 and I”, (drop across diode) = 5V 


out 


Vout 


(zi) 
Fig. 18.37 
The output waveform will be as shown in Fig. 18.37 (ii). 


Example 18.13. For the input wave to the clipping circuit in Fig. 18.38, find the output wave- 
form. 


Vin 


Fig. 18.38 


Solution. For any value of I’, > 10V, the ideal diode is forward biased and J”,,,,=’,,,— 10. For 
any value of I”, < 1OV, the ideal diode is reverse biased and J’,,,= 0. 


V 


out 


(11) 


Fig. 18.39 


The output waveform will be as shown in Fig. 18.39 (ii). 


Example 18.14. For the input waveform to the clipping circuit in Fig. 18.40, find the output 
voltage waveform. 


Solution. The battery of 5V reverse biases the diode. The point *A must go positive to 5V before 
the diode turns on. For all voltages at point A equal to or greater than 5V, the diode conducts and the 


* Assuming the diode to be ideal. Actually point A must go positive to 5.6V before the diode turns on. Here 
0.6V accounts for potential barrier. 


Solid-State Switching Circuits @ 493 


output voltage stays at 5V. For all negative voltages at A and positive voltages less than 5V, the diode 


is reverse biased. When reverse biased, the diode acts like an open circuit and J", .=V’,,. Thus circuit 
in Fig. 18.40 is an adjustable positive peak clipper that clips all positive peaks greater than battery 


voltage (i.e. SV). 


: 


Fig. 18.40 


Example 18.15. For the input wave to the symmetrical clipper shown in Fig. 18.41, find the 
output voltage waveform. Assume that the barrier voltage of each diode is 0.6V: 


Solution. Fig. 18.41 shows the symmetrical clipper. 

(t) Diode D, is reverse biased for all positive inputs and negative inputs less than 0.6V. Diode 
D, 1s reverse biased for all negative inputs and positive inputs less than 0.6V. 

(ti) For all positive inputs greater than 0.6V, D, is forward biased and output voltage stays at 
0.6V. For all negative inputs greater than —0.6V, D, is forward biased and output stays at — 0.6V. 


Fig. 18.41 
Thus for the input voltage waveform, the output voltage varies between — 0.6V and 0.6V. This 
circuit is sometimes used to convert a sine-wave input to a reasonably square-wave output signal. 


Example 18.16. Fig. 18.42 shows a zener shunt clipper with sine wave input. Determine the 
output waveform. 


Fig. 18.42 
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Solution. The zener shunt clipper uses a zener diode 1n place of the ordinary diode. The zener 
shunt clipper uses both the forward and reverse characteristics of the zener diode. Thus when the 
zener diode is forward biased, this clipper acts just like the standard shunt clipper. 


When the input signal in Fig. 18.42 goes positive, the zener is reverse biased. Therefore, the zener 
diode will remain OFF until the value of I’, reaches the value of I",. At that time, the zener diode will 
turn ON, clipping the input signal. As long as I’, is greater than J,, the zener will remain ON and the 
output voltage is 

V out = Vy 

When the input signal goes negative, the zener 1s forward biased. Therefore, the zener is clipped 

off at 0.7 V. 


Example 18.17. Fig. 18.43 shows a symmetrical zener shunt clipper with sine wave input. 
Determine the output waveform. 


Fig. 18.43 


Solution. The symmetrical zener clipper uses two zener diodes that are connected as shown in 
Fig. 18.43. When the input 1s positive, D, 1s forward biased and D, is reverse biased (assuming that 
the value of I’, is high enough to turn both diodes ON). When both diodes are conducting, the 
voltage from point A to ground will be equal to the sum of I’,, and the forward voltage drop of D, i.e., 
Vm =0.7V. 

. a eV ge ee OY, 

When the input is negative, D, is reverse biased and D, is forward biased. The output voltage in 
this case 1s 


v, 
out 


i, = Va Oy) 


out 
In practice, the two zeners have the same voltage rating i.e. J’,, = 1, = Vz. 
Vat — +(7+0.7V) 


out 


18.19 Applications of Clippers 
There are numerous clipper applications and it is not possible to discuss all of them. However, in 
general, clippers are used to perform one of the following two functions : 

(i) Changing the shape of a waveform 

(ii) Circuit transient protection 

(i) Changing the shape of waveform. Clippers can alter the shape of a waveform. For ex- 


ample, a clipper can be used to convert a sine wave into a rectangular wave, square wave etc. They 
can limit either the negative or positive alternation or both alternations of an a.c. voltage. 

(ii) Circuit Transient protection. *Transients can cause considerable damage to many types 
of circuits e.g., a digital circuit. In that case, a clipper diode can be used to prevent the transient form 
reaching that circuit. 


* A transient is a sudden current or voltage rise that has an extremely short duration. 


Solid-State Switching Circuits M 495 


+5V 


ov---b-4--<- DIGITAL 
sess says 


TRANSIENT 


i|__—» 


Fig. 18.44 


Fig. 18.44 shows the protection of a typical digital circuit against transients by the diode clipper. 
When the transient shown in Fig. 18.44 occurs on the input line, it causes diode D, to be forward 
biased. The diode D, will conduct; thus shorting the transient to the ground. Consequently, the input 
of the circuit is protected from the transient. 


18.20 Clamping Circuits 


A circuit that places either the positive or negative peak of a signal at a desired d.c. level is known as 
a clamping circuit. 


+ 10V>r-7 


POSITIVE 
CLAMPER 


Fig. 18.45 


A clamping circuit (or a clamper) essentially adds a d.c. component to the signal. Fig. 18.45 
shows the key idea behind clamping. The input signal is a sine wave having a peak-to-peak value of 
10 V. The clamper adds the d.c. component and pushes the signal upwards so that the negative peaks 
fall on the zero level. As you can see, the waveform now has peak values of +10 V and 0 V. 


It may be seen that the shape of the original signal has not changed; only there is vertical shift in 
the signal. Such a clamper 1s called a positive clamper. The negative clamper does the reverse i.e. it 
pushes the signal downwards so that the positive peaks fall on the zero level. 

The following points may be noted carefully : 


(i) The clamping circuit does not change the peak-to-peak or rm.s. value of the waveform. 
Thus referring to Fig. 18.45 above, the input waveform and clamped output have the same peak-to- 
peak value i.e., 10 V in this case. If you measure the input voltage and clamped output with an a.c. 
voltmeter, the readings will be the same. 


(ii) A clamping circuit changes the peak and average values of a waveform. This point needs 
explanation. Thus in the above circuit, it is easy to see that input waveform has a peak value of 5 V 
and average value over acycle 1s zero. The clamped output varies between 10 V and 0 V. Therefore, 
the peak value of clamped output is 10 V and *average value is 5 V. Hence we arrive at a very 
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important conclusion that a clamper changes the peak value as well as the average value of a wave- 
form. 


18.21 Basic Idea of a Clamper 


A clamping circuit should not change peak-to- "a 

peak value of the signal; it should only change o——_ 

the dc level. To do so, a clamping circuit uses a Vin 1 pF 

capacitor, together with a diode and a load resis- | es ie = OO 
tor R,. Fig. 18.46 shows the circuit of a positive I _ 
clamper. The operation of a clamper is based 


on the principle that charging time of a capaci- 
tor is made very small as compared to its dis- 
charging time. Thus referring to Fig. 18.46, 


*Charging time constant,t = RC = (10 Q)x (lo~* F) = 10 us 
Total charging time, tT. = *ESRC = 5x10 = 50us 
***Discharging time constant,t = R,C = (10x 10°) x (1 x 10°) = 10ms 
Total discharging time, tT, = SR,C =5x10 = 50ms 


Fig. 18.46 


It may be noted that charging time (i.e., 50 us) 1s very small as compared to the discharging time 
(i.e., 50 ms). This is the basis of clamper circuit operation. In a practical clamping circuit, the values 
of C and R, are so chosen that discharging time is very large. 


18.22 Positive Clamper 


Fig. 18.47 shows the circuit of a Tpositive clamper. The input signal is assumed to be a square wave 
with time period 7. The clamped output is obtained across R,. The circuit design incorporates two 
main features. Firstly, the values of C and R, are so selected that time constant t = CR, 1s very large. 
This means that voltage across the capacitor will not discharge significantly during the interval the 
diode is non-conducting. Secondly, R,C time constant is deliberately made much greater than the 
time period 7 of the incoming signal. 


+ V 
OV 


—V 


Fig. 18.47 


Operation 
(i) During the negative half-cycle of the input signal, the diode is forward biased. Therefore, 


* When diode is forward biased. 

= From the knowledge of electrical engineering, we know that charging time of a capacitor is ~ 5 RC. 
wk When diode is reverse biased. 

iT If you want to determine what type of clamper you are dealing with, here is an easy memory trick. If the 


diode 1s pointing up (away from ground), the circuit is a positive clamper. On the other hand, if diode 1s 
pointing down (towards ground), the circuit is a negative clamper. 
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the diode behaves as a short as shown in Fig. 18.48. The charging time constant (= CRy , where R= 
forward resistance of the diode) is very small so that the capacitor will charge to I’ volts very quickly. 
It is easy to see that during this interval, the output voltage is directly across the short circuit. There- 
fore, }". .=0. 


out 


Fig. 18.48 Fig. 18.49 


(ii) When the input switches to +I’ state (i.e., positive half-cycle), the diode is reverse biased 
and behaves as an open as shown in Fig. 18.49. Since the discharging time constant (= CR,) 1s much 
greater than the time period of the input signal, the capacitor remains almost fully charged to J’ volts 
during the off time of the diode. Referring to Fig. 18.49 and applying Kirchhoff ’s voltage law to the 
input loop, we have, 


PPro = 0 V. 
or Vo = 2V 


out 
The resulting waveform is shown in Fig. 18.50. Its clear that it is 
a positively clamped output. That is to say the input signal has been 
pushed upward by J’ volts so that negative peaks fall on the zero level. 


18.23 Negative Clamper 


Fig. 18.51 shows the circuit of a negative clamper. The clamped out- 42V 
put is taken across R,. Note that only change from the positive clamper V 
is that the connections of diode are reversed. 


(i) During the positive half-cycle of the input signal, the diode is 
forward biased. Therefore, the diode behaves as a short as shown in 
Fig. 18.52. The charging time constant (= CR, 1s very small so that 0 
the capacitor will charge to J’ volts very quickly. It 1s easy to see that Fig. 18.50 
during this interval, the output voltage 1s directly across the short cir- 


cuit. Therefore, J”, = 0. 


Fig. 18.51 


(ii) When the input switches to —J’ state (7.e., negative half-cycle), the diode 1s reverse biased 
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Fig. 18.52 


and behaves as an open as shown 1n Fig. 18.53. Since the discharging time V. 
constant (=CR,) is much greater than the time period of the input signal, the 
capacitor almost remains fully charged to J’ volts during the off time of the 
diode. Referring to Fig. 18.53 and applying Kirchhoff ’s voltage law to the 0 t 
input loop, we have, 


-V-V-V,, = 0 


out 


or Vy =-2V 


out 


The resulting waveform is shown in Fig. 18.54. Note that total swing 
of the output signal 1s equal to the total swing of the input signal. 


Example 18.18. Sketch the output waveform for the circuit shown in 


Fig. 18.55. It is given that discharging time constant (CR,) is much greater Fig. 18.54 


than the time period of input wave. 


C 


Fig. 18.55 


Solution. 

During positive half-cycle of the input signal, the diode is forward biased. The network will 
appear as shown in Fig. 18.56. Itis clear that 1’, = +2 V. Further, applying Kirchhoff's voltage law 
to the input loop in Fig. 18.56, we have, 

SV-ba-2V = 0 
: 3V 


Vo 


Fig. 18.56 Fig. 18.57 


Therefore, the capacitor will charge up to 3 V. 
During the negative half-cycle of the input signal, the diode is reverse biased and will behave as 
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vr 


an open [See Fig. 18.57]. Now battery of 2 V has no effect on | 


out 
Applying Kirchhoff’s voltage law to the outside loop of Fig. 18.57, Vou 
we have, 42V 
aes V out = 0 
or Ve, = -8V 0 


The negative sign results from the fact that the polarity of 8 V 
is opposite to the polarity defined for I”... The clamped output is 
shown in Fig. 18.58. Note that the output swing of 10 V matches 
with the input swing. 

Note. It is a biased clamper circuit. It allows a waveform to Fig. 18.58 
be shifted above or below (depending upon the polairty of 2 V 
battery) a dc reference other than 0 V. 


-8V 


Example 18.19. Sketch the output waveform for the circuit shown in Fig. 18.59. It is given that 
discharging time constant (= CR,) is much greater than the time period of input wave. 


Vin C 
+5V + o—_| $ 
t 
0 Vi Ry, V gut 
—-5V 
Fig. 18.59 
Solution. 
During the positive half-cycle of input signal, the diode is forward biased. Therefore, the diode 
behaves as a short [See Fig. 18.60]. It is easy to see that J”, = —2 V. Further, applying Kirchhoff’s 


voltage law to the input loop [ See Fig. 18.60], we have, 
SV =HV er lV =O 
or Va =i7V 
Therefore, the capacitor will charge upto 7 V. 


ob 
Fig. 18.60 Fig. 18.61 
During the negative half-cycle of the input signal, the diode 1s re- Vout 
verse biased and behaves as an open as shown in Fig. 18.61. Now bat- 0 


r 


tery of 2 Vhas no effect on I’,,,. Applying Kirchhoff ’s voltagelawtothe _2v 
outside loop of Fig. 18.61, we have, 
= yar yay = 0 
meg 
The negative sign results from the fact that the polarity of 12 Vis _ joy 
opposite to the polarity defined for J”, ,. The clamped output is shown in 
Fig. 18.62. Note that output and input swings are the same. Fig. 18.62 


or J 
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Examle 18.20. Draw the output voltage waveform for the input shown in Fig. 18.63. 


out 


2V 7 


~ 


(it) 
Fig. 18.63 

Solution. Fig. 18.63 (7) shows the output voltage waveform for the input wave to the clamping 
circuit. Note that it is a negative clamper and pushes the input wave downwards so that positive peaks 
fall on the zero level. Fig. 18.63 (ii) shows the output voltage waveform for the input wave to a 
positive clamper. The clamper pushes the input wave upwards so that the negative peaks fall on the 
zero level. 

Example 18.21. Draw the output voltage waveform for the input wave shown in Fig. 18.64. 


Vin es a 
+o—|[ + 
, Vi 
out t 
V 0 
= — a 1 
(i) 
V sue 
2V 
0 t 


(ii) 
Fig. 18.64 
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Solution. Fig. 18.64 (7) shows the output voltage waveform for the input wave to the 
clamping circuit. This is a negative clamper and pushes the input wave downward so that positive 
peak voltage is now V,. Fig. 18.64 (ii) shows the output voltage waveform from a positive 
clamper. Note that the input wave is pushed upwards so that negative peaks are J’, volts above the 
zero level. 


Example 18.22. Draw the output voltage waveform for the input wave shown in Fig. 18.65. 


Vin V out 
0 t 
V; ft 
| 
(2) 
C V 


out 


(ii) 
Fig. 18.65 


Solution. Fig. 18.65 (7) shows the output voltage waveform for the input wave to the clamping 
circuit. This is a negative clamper and pushes the input wave downward so that positive peaks lie V, 
volts below the zero level. Fig. 18.65 (ii) shows the output voltage waveform from a positive clamper. 
Note that the input waveform is pushed upwards so that negative peaks lie V, volts below zero level. 


MULTIPLE-CHOICE QUESTIONS 


1. Aswitch has.............. 4. The most inexpensive switch is .............. 
(i) one state (ii) two states switch. 
(iii) three states _ (iv) none of the above (i) electronic 
2. Arelay 1S.............. switch. (ii) mechanical 
(@) amechanical (di) anelectronic (iii) electromechanical 
(iii) an electromechanical (iv) none of the above 
“) sie SE eove 5. The main disadvantage of a mechanical 
3. The switch that has the fastest speed of op- CL Tre | ee 
eration 1S .............. switch. 


Gy. clecinontc (i) 1s operated mechanically 


(ii) mechanical a osty 
(iii) electromechanical (iii) has high inertia 


(iv) none of the above (iv) none of the above 
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6. When a transistor is driven to saturation, 
ideally the output is .............. 


@ Vee 
Gii) Vo/2 (iv) 20 ae 
7. The maximum speed of electronic switch can 


Oe stances operations per second. 
(i) 10° (ii) 10 
(iit) 1000 (iv) 10° 
8. A relay is superior to a mechanical switch 
because It .............. 


(i) isrelatively inexpensive 
(ii) does not require moving contacts 


(iii) 


combines control with power amplifi- 


cation 
(iv) none of the above 
9, When a transistor is driven to cut off, ide- 
ally the output is .............. 
G) Vor (ii) O 
iii) Vo/2 (iv) Voe/3 
j | Faeroe multivibrator 1s a square wave os- 
cillator. 


(ii) astable 
(iv) none of the above 


(i) monostable 
(iii) bistable 
11. An astable multivibrator has .............. 
(i) one stable state (ii) two stable states 
(iii) no stable state (iv) none of the above 


12. Ifd.c. supply of 10 V 1s fed to a differentiat- 
ing circuit, then output will be .............. 


(Gj) 20V Gi) 1OV 
(iii) OV (iv) none of the above 
13. If the input to a differentiating circuit 1s a 
saw-tooth wave, then output will be.............. 


wave. 
(i) square (ii) triangular 
q g 
(iii) sine (iv) rectangular 


14. A bistable multivibrator has .............. 
(i) two stable states 
(ii) one stable state 
(iii) 
(7v) 
15. If a square wave is fed to a differentiating 
circuit, the output will be .............. 


no stable state 
none of the above 


(i) sine wave 
(ii) sharp narrow pulses 
(iii) rectangular wave 


(iv) triangular wave 
16. An integrating circuit 1s a simple RC series 
circuit with output taken across .............. 
({) bothRandC (ii) R 
(iii) C (iv) none of the above 
17. For an integrating circuit to be effective, the 
RC product should be .............. the time pe- 
riod of the input wave. 


(i) 5 times greater than 
(ii) 5 times smaller than 
(iii) equal to 
(iv) atleast 10 times greater than 


18. A differentiating circuit is a simple RC cir- 
cuit with output taken across .............. 


(i) R (ii) C 
(iii) both RandC (iv) none of the above 
19. A monostable multivibrator has .............. 
(i) no stable state 
(ii) one stable state 
(iii) two stable states 
(iv) none of the above 


20. The multivibrator which generates square 
wave of its own is the.............. multivibrator. 


(ii) bistable 
(iv) none of the above 


(i) monostable 
(iii) astable 
21. For a differentiating circuit to be effective, 
the RC product should be .............. the time 
period of the input wave. 


(i) equal to 
(ii) 5 times greater than 
(iii) 5 times smaller than 
(iv) atleast 10 times greater than 


22. When a rectangular voltage waveform is 
applied to a capacitor, then the current wave- 
form 1S ...........4.. 
(i) rectangular (ii) sinusoidal 

(iii) sawtooth (iv) square 

23. The positive clipper is that which removes 
ING cece half-cycles of the input voltage. 
(i) negative 
(ii) positive 

(iii) both positive and negative 
(iv) none of the above 


24. Aclamping circuit adds.............. component 
to the signal. 
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(i) dec. 28. A negative clipper removes the .............. half- 
(ii) a.c. cycles of the input voltage. 
(iii) both d.c. and a.c. (i) negative 
(iv) none of the above (ii) positive 
25. One would find aclamping circuit in .............. (iii) both positive and negative 
(i) receiving antenna (iv) none of the above 
(ii) radio transmitter 29. Ifthe input to an integrating circuit is a suc- 


cession of alternating positive and negative 


(iii) radioreceiver (iv) television receiver 
pulses of very short duration, the output will 


26. When transistor is used as an amplifier, it 1s 


; DO cancauen wave. 
operated in the .............. region. er 
. (i) rectangular Gi) triangular 

(i) off (ii) saturation bee al 

™ . | (iii) sine (iv) square 
(ii) active (iv) none of the above | 39, In a multivibrator, we have ............ feed- 

27. When the transistor (CE arrangement) is in back. 

the cut off region, the collector current 1s (i) negative 

ee ee (ii) 100 % positive 

(1) Logo Gi) Logo (iii) both positive and negative 
Git) B+ Vlogg = WY) Le (san) (iv) none of the above 


Answers to Multiple-Choice Questions 


. a) . © 5 
. (iv) . (iii) ry 
. (iii) » Uy) » 
. (iv) » @ . (ii) 
; i . (ii) . (i) 
. (ii) ae 4 . (iv) 


Chapter Review’ Topics 


What is a switching circuit ? 

Discuss the advantages of an electronic switch over a mechanical or electro-mechanical switch. 
Explain the terms collector leakage current and saturation collector current. 

Explain the switching action of a transistor with the help of output characteristics. 


What is a multivibrator ? Explain the principle on which it works. 


So eS SS 


With a neat sketch, explain the working of (2) astable multivibrator (77) monostable multivibrator 
(iii) bistable multivibrator. 


What is the basic difference among the three types of multivibrators ? 


4 


. Show that the output from a differentiating circuit is derivative of the input. What assumptions are 
made in the derivation ? 


9. Sketch the output waveforms from a differentiating circuit when input 1s (7) a square wave (ii) saw- 
tooth wave. 


10. Show that the output from an integrating circuit is the integral of the input. 
11. What is a clipper ? Describe (2) positive clipper (77) biased clipper and (a7) combination clipper. 


12. What do you understand by a clamping circuit ? With neat diagrams explain the action of a (7) positive 
clamper (77) negative clamper. 
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Problems 


1. The negative shunt clipper shown in Fig. 18.66 has peak input voltage of +15 V. What is the output 
peak voltage ? [12.54 V] 


Fig. 18.66 Fig. 18.67 
2. In the negative series clipper shown in Fig. 18.67, what is the peak output voltage ? [9.3 V] 
3. Inthe circuit shown in Fig. 18.68, what are the minimum and peak values of the clamped output ? 
[OV ;-20 V] 
ie 
+10V ' 
@) ' out 
—-10V 


Fig. 18.68 


C 


Fig. 18.69 


4. Sketch the wave shape of clamped output in Fig. 18.69. 
5. Determine the output waveform for the clipper network shown in Fig. 18.70. 


Fig. 18.70 
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Fig. 18.71 


6. Determine the output waveform for the clipper network shown in Fig. 18.71. 


—20V 


Fig. 18.72 


7. Determine the output waveform for the clamper network shown in Fig. 18.72. 


Discussion Questions 
. What is the effect of RC product on the output waveform in a differentiating circuit ? 


. A differentiating circuit is essentially an RC circuit. Why the output from RC coupling is not a 
differentiated wave ? 


. What is the difference between a switching transistor and an ordinary transistor ? 
. What effect does a clamper have on the average value of a given input wave ? 


. What effect does a clamper have on the r.m.s. voltage of a sine-wave input ? 


. What determines the d.c. reference voltage of a clamper ? 
. Discuss the differences between shunt and series clippers. 
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Voltage Gain of JFET Amplifier 
(With Source Resistance R,) 


Metal Oxide Semiconductor 
FET (MOSFET) 
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D-MOSFET Transfer Character- 
istic 

D-MOSFET Biasing 
D-MOSFETs Versus JFETs 
E-MOSFET Biasing Circuits 


INTRODUCTION 


n the previous chapters, we have discussed the cir- 
| & applications of an ordinary transistor. In this 

ype of transistor, both holes and electrons play part 
in the conduction process. For this reason, it is some- 
times called a bipolar transistor. The ordinary or bipo- 
lar transistor has two principal disadvantages. First, it 
has a low input impedance because of forward biased 
emitter junction. Secondly, it has considerable noise 
level. Although low input impedance problem may be 
improved by careful design and use of more than one 
transistor, yet it 1s difficult to achieve input impedance 
more than afew megaohms. The field effect transistor 
(FET) has, by virtue of its construction and biasing, large 
input impedance which may be more than 100 
megaohms. The FET is generally much less noisy than 
the ordinary or bipolar transistor. The rapidly expand- 
ing FET market has led many semiconductor market- 
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ing managers to believe that this device will soon become the most important electronic device, 
primarily because of its integrated-circuit applications. In this chapter, we shall focus our attention 
on the construction, working and circuit applications of field effect transistors. 


19.1 Types of Field Effect Transistors 


A bipolar junction transistor (BJT) is a current controlled device i.e., output characteristics of the 
device are controlled by base current and not by base voltage. However, in a field effect transistor 
(FET), the output characteristics are controlled by input voltage (i.e., electric field) and not by input 
current. This is probably the biggest difference between BJT and FET. There are two basic types of 
field effect transistors: 


(i) Junction field effect transistor (JFET) 
(ii) Metal oxide semiconductor field effect transistor (MOSFET) 
To begin with, we shall study about JFET and then improved form of JFET, namely; MOSFET. 


19.2 Junction Field Effect Transistor (JFET) 


A junction field effect transistor is a three terminal semiconductor device in which current conduc- 
tion is by one type of carrier i.e., electrons or holes. 


The JFET was developed about the same time as the transistor but it came into general use only 
in the late 1960s. In aJF ET, the current conduction 1s either by electrons or holes and is controlled by 
means of an electric field between the gate electrode and the conducting channel of the device. The 
JFET has high input impedance and low noise level. 


Constructional details. A JFET consists of a p-type or n-type silicon bar containing two pn 
junctions at the sides as shown in Fig.19.1. The bar forms the conducting channel for the charge 
carriers. If the bar is of n-type, it 1s called n-channel JFET as shown in Fig. 19.1 (i) and if the bar is 
of p-type, it 1s called a p-channel JFET as shown in Fig. 19.1 (ii). The two pn junctions forming 
diodes are connected *internally and a common terminal called gate is taken out. Other terminals are 
source and drain taken out from the bar as shown. Thus aJFET has essentially three terminals viz., 
gate (G), source (S) and drain (D). 


DRAIN (D) DRAIN (D) 


SOURCE (S) SOURCE (S) 
n-Channel JFET p-Channel JFET 
(Z) (ii) 
Fig. 19.1 


* It would seem from Fig. 19.1 that there are three doped material regions. However, this is not the case. The 
gate material surrounds the channel in the same manner as a belt surrounding your waist. 
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JFET polarities. Fig. 19.2 (7) shows n-channel JFET polarities whereas Fig. 19.2 (ii) shows the 
p-channel JFET polarities. Note that in each case, the voltage between the gate and source is such 
that the gate is reverse biased. This is the normal way of JFET connection. The drain and source 
terminals are interchangeable i.e., either end can be used as source and the other end as drain. 


Yes 


Fig. 19.2 


The following points may be noted : 


(i) The input circuit (i.e. gate to source) of a JFET is reverse biased. This means that the device 
has high input impedance. 


(ii) The drain is so biased w.r.t. source that drain current J, flows from the source to drain. 
(iii) In all JFETs, source current J, is equal to the drain current i.e. I, =I. 


19.3 Principle and Working of JFET 


Fig. 19.3 shows the circuit of n-channel JPET with normal polarities. Note that the gate is reverse 
biased. 


Principle. The two pn junctions at the sides form two depletion layers. The current conduction by 
charge carriers (i.e. free electrons in this case) is through the channel between the two depletion layers 
and out of the drain. The width and hence *resistance of this channel can be controlled by changing the 
input voltage I”... The greater the reverse voltage I’., the wider will be the depletion layers and nar- 
rower will be the conducting channel. The narrower channel means greater resistance and hence source 
to drain current decreases. Reverse will happen should J, decrease. Thus JFET operates on the prin- 
ciple that width and hence resistance of the conducting channel can be varied by changing the reverse 
voltage J"... In other words, the magnitude of drain current (/,) can be changed by altering I... 

Working. The working of JFET is as under : 


(() When a voltage I’,,1s applied between drain and source terminals and voltage on the gate is 
zero [ See Fig. 19.3 (4) |, the two pv junctions at the sides of the bar establish depletion layers. The 
electrons will flow from source to drain through a channel between the depletion layers. The size of 
these layers determines the width of the channel and hence the current conduction through the bar. 


(ti) When a reverse voltage I’..is applied between the gate and source [See Fig. 19.3 (i/)], the 
width of the depletion layers is increased. This reduces the width of conducting channel, thereby 
increasing the resistance of n-type bar. Consequently, the current from source to drain is decreased. 
On the other hand, if the reverse voltage on the gate is decreased, the width of the depletion layers 
also decreases. This increases the width of the conducting channel and hence source to drain current. 


* The resistance of the channel depends upon its area of X-section. The greater the X-sectional area of this 
channel, the lower will be its resistance and the greater will be the current flow through it. 
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(7) 


It is clear from the above discussion 
that current from source to drain can be 
controlled by the application of potential 
(i.e. electric field) on the gate. For this 
reason, the device is called field effect 
transistor. It may be noted that a p-chan- 
nel JFET operates in the same manner as 
an n -channel JFET except that channel 
current carriers will be the holes instead 
of electrons and the polarities of I’,,.and 
V 59 are reversed. 

Note. If the reverse voltage V’,, on the 
gate is continuously increased, a state is 
reached when the two depletion layers touch 
each other and the channel is cut off. Under 
such conditions, the channel becomes a non- 
conductor. 


(it) 


Fig. 19.3 


JFET biased for Conduction 


19.4 Schematic Symbol of JFET 
Fig. 19.4 shows the schematic symbol of JFET. The vertical line in the symbol may be thought 


Ss 
n-Channel JFET 


(7) 


D 


S 
p-Channel JFET 
(ii) 
Fig. 19.4 
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as channel and source (S) and drain (D) connected to this line. If the 
channel is n-type, the arrow on the gate points towards the channel 
as shown in Fig. 19.4 (7). However, for p-type channel, the arrow on 
the gate points from channel to gate [See Fig. 19.4 (i)]. 


19.5 Importance of JFET 


A JFET acts like a voltage controlled device i.e. input voltage (I’,.) 
controls the output current. This is different from ordinary transistor 
(or bipolar transistor) where input current controls the output cur- 
rent. Thus JFET is a semiconductor device acting *like a vacuum tube. The need for JFET arose 
because as modern electronic equipment became increasingly transistorised, 1t became apparent that 
there were many functions in which bipolar transistors were unable to replace vacuum tubes. Owing 
to their extremely high input impedance, JFET devices are more like vacuum tubes than are the 
bipolar transistors and hence are able to take over many vacuum-tube functions. Thus, because of 
JFET, electronic equipment is closer today to being completely solid state. 


The JFET devices have not only taken over the functions of vacuum tubes but they now also 
threaten to depose the bipolar transistors as the most widely used semiconductor devices. As an 
amplifier, the JFET has higher input impedance than that of a conventional transistor, generates less 
noise and has greater resistance to nuclear radiations. 


19.6 Difference Between JFET and Bipolar Transistor 


The JFET differs from an ordinary or bipolar transistor in the following ways : 


(1) InaJFET, there is only one type of carrier, holes in p-type channel and electrons 1n n-type 
channel. For this reason, it is also called a wnipolar transistor. However, in an ordinary transistor, 
both holes and electrons play part in conduction. Therefore, an ordinary transistor 1s sometimes 
called a bipolar transistor. 


(ii) As the input circuit (i.e., gate to source) of a JFET is reverse biased, therefore, the device 
has high input impedance. However, the input circuit of an ordinary transistor 1s forward biased and 
hence has low input impedance. 

(iii) The primary functional difference between the JPET and the BJT 1s that no current (actually, 
a very, very small current) enters the gate of JFET (i.e. 1, = OA). However, typical BUT base current 
might be a few WA while JFET gate current a thousand times smaller [See Fig. 19.5]. 


BJT 


* The gate, source and drain of a JFET correspond to grid, cathode and anode of a vacuum tube. 
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(iv) A bipolar transistor uses a current into its base to control a large current between collector 
and emitter whereas a JFET uses voltage on the ‘gate’ ( = base) terminal to control the current be- 
tween drain (= collector) and source (= emitter). Thus 
a bipolar transistor gain is characterised by current gain 
whereas the JFET gain 1s characterised as a 
transconductance i.e., the ratio of change 1n output cur- 
rent (drain current) to the input (gate) voltage. 


+ Ving 


(v) InJFET, there are no junctions as in an ordi- 

nary transistor. The conduction is through an 

n- type or p-type semi-conductor material. For this 
reason, noise level in JFET is very small. 


- OUTPUT 
19.7 JFET as an Amplifier SIGNAL 


Fig. 19.6 shows JPET amplifier circuit. The weak sig- 
nal is applied between gate and source and amplified | | 


output is obtained in the drain-source circuit. For the _ 
proper operation of JFET, the gate must be negative GG 

w.r.t. source i.e., input circuit should always be reverse Fig. 19.6 

biased. This is achieved either by inserting a battery 

Vag in the gate circuit or by a circuit known as biasing circuit. In the present case, we are providing 
biasing by the battery IG.. 

A small change in the reverse bias on the gate produces a large change in drain current. This fact 
makes JFET capable of raising the strength of a weak signal. During the positive half of signal, the 
reverse bias on the gate decreases. This increases the channel width and hence the drain current. 
During the negative half-cycle of the signal, the reverse voltage on the gate increases. Consequently, 
the drain current decreases. The result is that a small change in voltage at the gate produces a large 
change in drain current. These large variations in drain current produce large output across the load 
R,. In this way, JPET acts as an amplifier. 


19.8 Output Characteristics of JFET 


The curve between drain current (/,,) and drain-source voltage (I7,, ) of a JFET at constant gate- 
source voltage (I’.,) is known as output characteristics of JFET. Fig. 19.7 shows the circuit for 
determining the output characteristics of JFET. Keeping |. fixed at some value, say | V, the drian- 
source voltage is changed in steps. Corresponding to each value of J’, the drain current J, is noted. 
A plot of these values gives the output characteristic of JPET at I’,,= 1V. Repeating similar proce- 
dure, output characteristics at other gate-source voltages can be drawn. Fig. 19.8 shows a family of 
output characteristics. 


Ip 


Fig. 19.8 
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The following points may be noted from the characteristics : 


(i) At first, the drain current /, rises rapidly with drain-source voltage I, but then becomes 
constant. The drain-source voltage above which drain current becomes constant is known as pinch 
off voltage. Thus in Fig. 19.8, OA 1s the pinch off voltage I. 

(ii) After pinch off voltage, the channel width becomes so narrow that depletion layers almost 
touch each other. The drain current passes through the small passage between these layers. There- 
fore, increase in drain current is very small with I7,, above pinch off voltage. Consequently, drain 
current remains constant. 


(iii) The characteristics resemble that of a pentode valve. 


19.9 Salient Features of JFET 


The following are some salient features of JFET : 
(i) AJFET is a three-terminal vo/tage-controlled semiconductor device i.e. input voltage con- 
trols the output characteristics of JFET. 
(ii) The JFET is always operated with gate-source pn junction *reverse biased. 
(i) In aJFET, the gate current is zero i.e. 1, =OA. 
(tv) Since there is no gate current, J, =I. 
(v) The JFET must be operated between J’G.= OV and Igo (ogy. For this range of gate-to-source 
voltages, /,, will vary from a maximum of J,,,.. to a minimum of almost zero. [See Fig. 19.12]. 
(vi) Because the two gates are at the same potential, both depletion layers widen or narrow 
down by an equal amount. 
(vii) TheJFET 1s not subjected to thermal runaway when the temperature of the device increases. 
(viii) The drain current J, 1s controlled by changing the channel width. 


(ix) Since JFET has no gate current, there is no B rating of the device. We can find drain current 
Ty by using the eq. mentioned in Art. 19.11. 


19.10 Important Terms 


In the analysis of a JFET circuit, the following important terms are often used : 
1. Shorted-gate drain current U.9) 
2. Pinch off voltage (T’,) 
3. Gate-source cut off voltage [I,. (ofl 


1. Shorted-gate drain current (I.,). Jt is the drain current with source short-circuited to 
gate (i.e. V.,= 0) and drain voltage (V,,) equal to pinch off voltage. It is sometimes called zero-bias 
current. 


Fig 19.9 shows the JFET circuit with 1’., = 0 i.e., source shorted-circuited to gate. This is 
normally called shorted-gate condition. Fig. 19.10 shows the graph between J, and J’,, for the 
shorted gate condition. The drain current rises rapidly at first and then levels off at pinch off voltage 
}’,. The drain current has now reached the maximum value /,,.,. When J’,,1s increased beyond J 7, 
the depletion layers expand at the top of the channel. The channel now acts as a current limiter and 
**holds drain current constant at I, .«. 

* Forward biasing gate-source pn junction may destroy the device. 


**k When drain voltage equals )’,, the channel becomes narrow and the depletion layers almost touch each 


other. The channel now acts as a current limiter and holds drain current at a constant value of J Dee 
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BREAKDOWN 


de 


ACTIVE 
REGION 


Vys(VOLTS) 
Vins (max) 


Fig. 19.9 Fig. 19.10 


The following points may be noted carefully : 


(i) Since J,,..1s measured under shorted gate conditions, it is the maximum drain current that 
you can get with normal operation of JFET. 


(i) There is a maximum drain voltage [Vp (q.] that can be applied to a JPET. If the drain 
voltage exceeds Vp) 5 max JFET would breakdown as shown in Fig. 19.10. 


(iii) The region between J’, and J7,, eas (breakdown voltage) 1s called constant-current region 
or active region. As long as I’,,,1s kept within this range, /,, will remain constant for a constant value 
of I’.. In other words, in the active region, JFET behaves as a constant—current device. For proper 
working of JFET, it must be operated in the active region. 


2. Pinch off Voltage (V,). [t is the minimum drain-source voltage at which the drain current 
essentially becomes constant. 


Figure 19.11 shows the drain curves of a JFET. Note that pinch off voltage is J’,. The 
highest curve is for I’... = OV, the shorted-gate condition. For values of J’, greater than J’, the 
drain current is almost constant. It is because when I’, equals I’,, the channel 1s effectively 
closed and does not allow further increase in drain current. It may be noted that for proper 
function of JET, it is always operated for I’, > Tp. However, I’,, should not exceed Ip.¢ (nay) 
otherwise JFET may breakdown. 


Ty (MA) dss 


Vos “Lee 


(VOLTS) V GS (off) 


Fig . 19.11 Fig . 19.12 
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3. Gate-source cut off voltage Vig ogy [tis the gate-source voltage where the channel is 
completely cut off and the drain current becomes zero. 


The idea of gate-source cut off voltage can be easily understood if we refer to the transfer char- 
acteristic of aJFET shown in Fig. 19.12. As the reverse gate-source voltage 1s increased, the cross- 
sectional area of the channel decreases. This in turn decreases the drain current. At some reverse 
gate-source voltage, the depletion layers extend completely across the channel. In this condition, the 
channel 1s cut off and the drain current reduces to zero. The gate voltage at which the channel is cut 
off (i.e. channel becomes non-conducting) 1s called gate-source cut off voltage I’G5 (ogy. 


Notes. (i) It is interesting to note that IG. (4g) will always have the same magnitude value as Ip. 
For example if J’, = 6 V, then I’G. (44, = — 6 V. Since these two values are always equal and 
opposite, only one is listed on the specification sheet for a given JFET. 


(ii) There is a distinct difference between J, and I’... (off) Note that J’, 1s the value of J’, that 
causes the JEFT to become a constant current device. It is measured at }(.,=0 V and will have a 
constant drain current = J... However, VG. (off) is the value of J. that causes /,, to drop to nearly 
Zero. 


19.11 Expression for Drain Current (/,) 


The relation between /,,,. and J’, 1s shown in Fig. 19.13. We note that gate-source cut off voltage [i.e. 
V Gs (og) O10 the transfer characteristic is equal to pinch off voltage J’, on the drain characteristic i.e. 
Vp = IVes (off) | 


For example, if a JPET has VG, (of) = — AV, then I’, = 4V. 


The transfer characteristic of JFET shown in Fig. 19.13 is part of a parabola. A rather complex 
mathematical analysis yields the following expression for drain current : 


7 2 
he fecg| lee 
7 os| Gs (aff) 
where Ty = drain current at given I,> 
Inss = Shorted — gate drain current 


Vas = gate-source voltage 


gate-source cut off voltage 


T(mA) 


Ves 
(VOLTS) = Gs (of (VOLTS) 


Fig. 19.13 
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Example 19.1. Fig. 19.14 shows the transfer charac- 


teristic curve of a JFET. Write the equation for drain ‘D 
current. 
Solution. Referring to the transfer characteristic curve 12 mA 
in Fig. 19.14, we have, 
lx = 2m 
Vos = IV 
2 
Vas 
In = 1pss [ 7 | Vo 
GS (off) _5V 0 
, 72 
or l= 12 r + Fas mA Ans. Fig. 19.14 
Example 19.2. A JFET has the following parameters: In.. = 32mA; Vos (op) = ~8V3 Ves 
= —4.5 Vi Find the value of drain current. 
V 2 
Solution. In = Ingy |1-{ SS 
Vas (off) 
(4.5) ] 
= 32 [ — cS mA 
—8 
= 6.12mA 
Example 19.3. 4 JFET has a drain current of 5 mA. IfIpj..= 10mA and Va. (of) ~~ OV; find the 
value of (i) V, and (ii) Vp. 
Vy 2 
Solution. l= L.|1-5— 
Vas (of) 
7 
or 5 = 10 r ca Fas 
6 
or 1+ -98 = /5/190 = 0.707 
(i) .. Voy = —1.76V 
(ii) and V5 = =V as (of) = 6V 
Example 19.4. For the JFET in Fig. 19.15, Veg (og = — 4V and Ing, = 12 mA. Determine the 


minimum value of Vy required to put the device in the constant-current region of operation. 


Solution. Since I’,. Ca AV, 1) =4V. The minimum value of J7,, for the JPET to be in 
constant-current region 1s 


Vane > Very 
In the constant current region with I’,.= OV, 
d= dace 12 
Applying Kirchhoff’s voltage law around the drain circuit, we have, 


Mop = Fost VR, =Vostlp¥p 
= 4V+ (12 mA) (560Q) = 4V +6.72V = 10.72V 
This 1s the value of J’, to make I’, = I’, and put the device in the constant-current region. 
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+ Vip 
Ves of) =~ OV 
Ves — 2V 
Fig. 19.15 Fig. 19.16 


Example 19.5. Determine the value of drain current for the circuit shown in Fig. 19.16. 


Solution. It is clear from Fig. 19.16 that !),.=—2V. The drain current for the circuit is given by; 


2 
_ yr 
In = Ipgs | 1 -—GS 
I Gs (off) 


(3 mA) (0.444) = 1.33 mA 
Example 19.6. A particular p-channel JFET has a Vgs, of + AN: What is I,,when Vo.= + 6V? 


Solution. The p-channel JFET requires a positive gate-to-source voltage to pass drain current 
I. The more the positive voltage, the less the drain current. When J’.,=4V, J, =0 and JFET is cut 
off. Any further increase in I’, keeps the JF'ET cut off. Therefore, at I’.,.= + 6V, J, = 0A. 


19.12 Advantages of JFET 


A JFET 1s a voltage controlled, constant current device (similar to a vacuum pentode) in which 
variations in input voltage control the output current. It combines the many advantages of both 
bipolar transistor and vacuum pentode. Some of the advantages of a JFET are : 


(1) It has a very high input impedance (of the order of 100 MQ). This permits high degree of 
isolation between the input and output circuits. 


(ii) The operation of a JFET depends upon the bulk material current carriers that do not cross 
junctions. Therefore, the inherent noise of tubes (due to high-temperature operation) and those of 
transistors (due to junction transitions) are not present in a JFET. 


(iii) AJFET has a negative temperature co-efficient of resistance. This avoids the risk of thermal 
runaway. 


(iv) AJFET has a very high power gain. This eliminates the necessity of using driver stages. 
(vy) AJFET has a smaller size, longer life and high efficiency. 


19.13 Parameters of JFET 


Like vacuum tubes, a JPET has certain parameters which determine its performance in a circuit. The 
main parameters of a JFET are (7) a.c. drain resistance (i/) transconductance (ii7) amplification factor. 

(i) a.c. drain resistance (r,). Corresponding to the a.c. plate resistance, we have a.c. drain 
resistance in aJFET. It may be defined as follows : 


Field Effect Transistors @ 517 


It is the ratio of change in drain-source voltage (AV,,) to the change in drain current (AI,,) at 
constant gate-source voltage i.e. 


; AV, 
a.c. drain resistance, r, = DS at constant J’,¢ 
D 
For instance, if a change in drain voltage of 2 V produces a change 1n drain current of 0.02 mA, then, 
a.c. drain resistance, r, = aoe 100 kQ 
0.02 mA 


Referring to the output characteristics of a JFET in Fig. 19.8, it 1s clear that above the pinch off 
voltage, the change in /, is small for a change in J’, because the curve is almost flat. Therefore, 
drain resistance of a JFET has a large value, ranging from 10 kQ to 1 MQ. 

(i) Transconductance ( g,.). The control that the gate voltage has over the drain current is 
measured by transconductance g-, and is similar to the transconductance g,, of the tube. It may be 
defined as follows : 


It is the ratio of change in drain current (AI,,) to the change in gate-source voltage (Al',.) at 
constant drain-source voltage i.e. 


Transconductance, o> at constant I,, 


D 

AVos 
The transconductance of a JFET is usually expressed either in mA/volt or micromho. As an 

example, if a change in gate voltage of 0.1 V causes a change in drain current of 0.3 mA, then, 


Transconductance, oa a = 3mA/V = 3x10 A/V or mho or S (siemens) 


0.1 V 


= 3x10 10° mho = 3000 p mho (or US) 
(i) Amplification factor (1 ). Jt is the ratio of change in drain-source voltage (AV’y,) to the 
change in gate-source voltage (Al...) at constant drain current i.e. 
Vs 
AV 55 
Amplification factor of a JFET indicates how much more control the gate voltage has over drain 


current than has the drain voltage. For instance, if the amplification factor of aJFET is 50, it means 
that gate voltage 1s 50 times as effective as the drain voltage in controlling the drain current. 


Amplification factor, u = at constant J, 


19.14 Relation Among JFET Parameters 


The relationship among JFET parameters can be established as under : 

AV y¢5 

Vos 

Multiplying the numerator and denominator on R.H.S. by AJ, we get, 


Weknow wu = 


_ AVyg Aly — AV pg. Aly 
PW Als Al” AV 


= 1yXS fs 
i.e. amplification factor = a.c. drain resistance x transconductance 


Example 19.7. When a reverse gate voltage of 15 V is applied to a JFET; the gate current is 
10° HA. Find the resistance between gate and source. 


Solution. Vag = 15V;1,= 10° pA = 10° A 
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Gate to source resistance = as = ee 15x 10°Q = 15,000 MQ 
Ig 10°A 
This example shows the major difference between a/JFET and a bipolar transistor. Whereas the 
input impedance of aJFET is several hundred MQ, the input impedance of a bipolar transistor 1s only 
hundreds or thousands of ohms. The large input impedance of a/JFET permits high degree of isolation 


between the input and output. 


Example 19.8. When V., of a JFET changes from —3.1 V to —3 V; the drain current changes 
from I mA to 1.3 mA. What is the value of transconductance ? 


Solution. Aves = 21-3. = 01 ... magnitude 
Al, = 1.3-1= 0.3 mA 
Aly, — 03mA 


Transconductance, 24> = 3mA/V = 3000 » mho 


AV,  0.1V 
Example 19.9. The following readings were obtained experimentally from a JFET : 


V es OV OV —-0.2V 
V sc 7V isV 15 ¥ 
I S 10 mA 10.25 mA 9.65 mA 


Determine (i) a. c. drain resistance (ii) transconductance and (iii) amplification factor. 


Solution. (¢) With /’,, constant at OV, the increase in J’7,, from 7 V to 15 V increases the drain 
current from 10 mA to 10.25 mA i.e. 

Change in drain-source voltage, Al’,, = 15-7 = 8V 
10.25-—10 = 0.25 mA 


Change in drain current, AJ, 


. . AV, 8 V 
a.c. drain resistance, r, = om ae Ln el 32 kQ 
B 


(ii) With J’, constant at 15 V, drain current changes from 10.25 mA to 9.65 mA as JG, Is 
changed from 0 V to — 0.2 V. 
AVaw = 02=0=0.2V 


Al, = 10.25-9.65 = 0.6mA 
Al 0.6 mA 

T duct =o 2 ee = 3mA/V = 3000» mh 

ransconductance, g,, MW 02V mA/ tt mho 

(iii) Amplification factor, p = r,x gq = (32 x 10°) x (3000 x 10°) = 96 


19.15 Variation of Transconductance (g, or g;,) of JFET 


We have seen that transconductance g, of aJF'ET is the ratio 
of a change in drain current (A/,,) to a change in gate-source 
voltage (AT”,,) at constant J’, i.e. 
a= — 
GS 

The transconductance g_, of a JF'ET is an important pa- 
rameter because it 1s a major factor in determining the volt- 
age gain of JFET amplifiers. However, the transfer charac- 
teristic curve for a JFET is nonlinear so that the value of g_, 
depends upon the location on the curve. Thus the value of g_, 
at point A in Fig. 19.17 will be different from that at point B. 
Luckily, there 1s following equation to determine the value of 
g,, at a specified value of I. .: Fig. 19.17 
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l” 
Em Emo ( a om 
GS (off) 


value of transconductance at any point on the transfer characteristic curve 


where ZH, 
Smo — Value of transconductance(maximum) at }7,.= 0 


Normally, the data sheet provides the value of g,,. When the value of gis not available, you 
can approximately calculate g_ using the following relation : 


21 
g,, = ; DSS 
as cep)| 
Example 19.10. 4 JFET has a value of g,, = 4000 wS. Determine the value of g,, at Vag =— 3V: 
Given that Vg jo) = — 8V- 
Solution. 


= i Vos 
Em a Emo VV. 
GS (off) 


4000 uS [i 7 =) 


—8V 
= 4000 US (0.625) = 2500 BS 


r 


Example 19.11. The data sheet ofaJFET gives the following information : I,..= 3 mA, Vos (off) 
= — 6V and 81, (max) = 9900 US. Determine the transconductance for Vg = — 4V and find drain 
current I, at this point. 


Solution. At J’,,.=0, the value of g,, is maximum i.e. g,,, 


g,, = 5000 us 
dae 
ow = ; 
Em Emo Vos (off) 
~ 4V 
= 5000 uS [ - Fr | 
= 5000 uS (1/3) = 1667 pS 
2 
Also Uiie et a as 
} GS (off) 


A 
3mA f1-=4) = 333 pA 


19.16 JFET Biasing 


For the proper operation of n-channel JFET, gate must be negative w.rt. source. This can be achieved 
either by inserting a battery in the gate circuit or by a circuit known as biasing circuit. The latter 
method 1s preferred because batteries are costly and require frequent replacement. 

1. Bias battery. In this method, JF‘ET 1s biased by a bias battery J... This battery ensures that 
gate is always negative w.rt. source during all parts of the signal. 

2. Biasing circuit. The biasing circuit uses supply voltage I’, to provide the necessary bias. 
Two most commonly used methods are (7) self-bias (77) potential divider method. We shall discuss 
each method in turn. 
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19.17 JFET Biasing by Bias Battery 


Fig. 19.18 shows the biasing of a n-channel JFET by a bias battery 
— Vo. This method is also called gate bias. The battery voltage — 1. 
ensures that gate — source junction remains reverse biased. 


Since there is no gate current, there will be no voltage drop 
across R,.. 


- Vas — Yaa SIGNAL 
We can find the value of drain current J, from the following 


relation : 
2 
I" 
In = Lpsg 1-5 os | 
GS (off) 


The value of I’,.1s given by ; -Veg 
Vos = Vpp-!p®p Fig. 19.18 


Rg 


Thus the d.c. values of J, and I’, stand determined. The operating point for the circuit is I’,., Ip. 


Example 19.12. A JPET in Fig. 19.19 has values of V.. (of) ~~ 8V andIpy..= 16 mA. Determine 
the values of Vg I, and Vy. for the circuit. 


+10V 


Solution. Since there is no gate current, there will be no 
voltage drop across R,. 


Vos = Vag=-5v 


2 
Now = ( _ as 
MGs (off) _ 
2 

= 16mA [i -=3) | 

= 16mA (0.1406) =2.25mA + 
Also Vo = VIR 

ee Fig. 19.19 
= 10 V-2.25 mA x 2.2kQ=5.05V a 
DD 


Note that operating point for the circuit is 5.05V, 2.25 mA. 


19.18 Self-Bias for JFET 


Fig. 19.20 shows the self-bias method for n-channel JPET. The re- 
sistor R, is the bias resistor. The d.c. component of drain current 
flowing through Rk, produces the desired bias voltage. 


Voltage across R,, I’, = IpRg SIGNAL 


Since gate current is negligibly small, the gate terminal 1s at 


d.c. ground i.e., 17, = 0. Ro 
Vos = Ve-lbs = O-Ipks 
or Vas = —*InkRs 


Thus bias voltage I’... keeps gate negative w.rt. source. 
Voy = Vg—V = Negative. This means that V’, is negative w.rt. )’,. Thus if V, = 2V and V’, = 4V, then Vo. 
=2-4=-—2V i.e. gate is less positive than the source. Again if }’, = OV and I’, = 2V, then V',. = 0-2 = 
— 2V. Note that V’, 1s less positive than I’. 
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Operating point. The operating point (i.e., zero signal /,, and J’,,) can be easily determined. 
Since the parameters of the JFET are usually known, zero signal /,, can be calculated from the following 


relation : ' ; 
__ "Gs 
Tn = Loss ( — 
Also Foe = Van la hath) 
Thus d.c. conditions of JFET amplifier are fully specified i.e. operating point for the circuit 1s 
Lon 
Also, Ry, = cs | 


lp 
Note that gate resistor *R_,, does not affect bias because voltage across it is Zero. 


Midpoint Bias. It is often desirable to bias a JFET near the midpoint of its transfer characteris- 
tic curve where J,, = [,,./2. When signal is applied, the midpoint bias allows a maximum amount of 
drain current swing between J,,., and 0. It can be proved that when I’,.0= Vo (off) / 3.4, midpoint bias 


conditions are obtained for J a’ 
2 2 
i Vas on! 3.4 
In = Lpgg 5 gs = Ings {i - l” = 0.5 Inge 


GS (off) GS (off) 


To set the drain voltage at midpoint (J’, = I’,,/2), select a value of R, to produce the desired 
voltage drop. 


Example 19.13. Find V,, and V,, in Fig. 19.21, given that I, = 5 mA. 


Solution. Vop 


Vo = Ij R= (5 mA) (470 Q) = 2.35 V + 13.V 
Vp = Vpp-lp Rp 
= 15V—-(6 mA) x (1 kQ) = 10V 
Vag = Vp —-Vy= 10V—-—2.35 V=7.65V 
Since there is no gate current, there will be no voltage drop across R, 


and I, = 0. ; ; ; 
Now Vas = Ve-Vy=0-2.35V=-2.35 V 


Example 19.14. The transfer characteristic of a JFET reveals that 
when Va, =— IV; [pn = 6.25 mA. Determine the value of Ry required. 


and 


Solution. 


R. = Vosl.  5V 


Ss Ty] 625mA ou 


Fig. 19.21 


Example 19.15. Determine the value of Ry required to self-bias a p-channel JFET with I... = 


25 mA, Vigg fog) = 15 Vand Vigg = SV: 


Solution. 


2 2 
V SV 
15 — L neg h- r GS =25mA 1 - 5% = 25mA (1 — 0.333) = 11.1 mA 


ae 15V 
— esl 5V 
ae Zy| 11.1mA ars 


Ris necessary only to isolate an a.c. signal from ground in amplifier applications. 
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Example 19.16. Select resistor values in Fig. 19.22 to setup an approximate midpoint bias. The 
Ings = 1) mA and Va, ip ON. The voltage V’, should be 6V (one-half of 


JPET parameters are : Ino = 
Vp): 
Solution. For midpoint bias, we have, 
Vop=t12V 
T= oss 15 M4 La 5ma 
2 2 
J” = R 
and Vig = SQN -=8 = 235V P 
3.4 3.4 
_ Wosl_ 2.35V _ 
Rs = In| 75mA | ane 
Now Vn = Vop—-IpRp 
Von —Vp  12V-6V 
Rp = 22—#® == =800Q2 & R 
D in 7.5 mA 7 s 
Example 19.17. Ina self-bias n-channel JFET, the operating point = = 
is to be set atl, =1.5mAandV, .=10). The JFET parameters are Ij .¢ Fis. 19.22 
= 5 mA and Ves og = — 2 V. Find the values of Rs and Rp, Given that ees 
Va — 20. : 
Solution. Fig. 19.23 shows the circuit arrangement. 
I" 2 
i,=24 1 — | + Vop=20V 
D Dss 1" 
GS (off) 
\? 
or 15 = 5 ( + as 
or 14S = 15/5 = 0.55 
or Vee = HOV 
Now Ven = V7. 
or Ve = Va-Ves 
= 0-(-0.9) = 0.9V 
V 0.9V 
R, = 4 =—— = 06kQ 
> In 15mA 


Applying Kirchhoff’s voltage law to the drain circuit, 
we have, 


Vop = IpRp tl pst lp Rs 
or 20 = 1L5mAxk,+ 10409 
_ (20-10-0.9)V _ 
> 1.5mA ome 


Example 19.18. [n the JFET circuit shown in Fig. 19.24, find (i) Vy, and (ii) Vag . 


Solution. 
(i) Vas = Vop—lp (Rp t Ry) = 30-2.5mA (540.2) = 30-13 = 17V 


(ii) Vag = —IpRs = — 2.5107) x 200 = -0.5V 
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+ Vpn = 30 V 


Fig. 19.24 
Example 19.19. Figure 19.25 shows two stages of JFET amplifier. The first stage has I,, = 


2.15mA and the second stage has I, = 9.15mA. Find the d.c. voltage of drain and source of each 


Voltage drop in 8.2kQ = 2.15mAx82kQ = 17.63 V 
Ven 11.63 = 30= 17.63 = 12.37 V 


Vy = 


stage w.rt. ground. 
Solution. 
D.C. potential of drain of first stage w.rt. ground is 
+ Von = 30 V 
9.15 mA 


Sir 
— We) 
nn 

x 
3 
> a) 
n S 
ne 
a] 0 


| (om 
EY 
680 QO 220 22 
T° I 
Z 
= 915mAxX2kQ = 18.3 V 


D.C. potential of source of first stage to ground is 


Fig. 19.25 
= InRy = 2.15 mAX 0.68kQ = 1.46V 


ut|_—o 
uf 


Vnp — 18.3 = 30-183 = 11.7V 


Voltage drop in 2 kQ 
D.C. potential of drain of second stage to ground 1s 
lp 
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D.C. potential of source of second stage to ground is 


V, = IpR, = 9.15mAx0.22kQ = 2.01V 


19.19 JFET with Voltage-Divider Bias 


Fig. 19.26 shows potential divider method of bias- 
ing aJFET. This circuit is identical to that used for + Vop 
a transistor. The resistors R, and R, form a voltage 
divider across drain supply J’,,. The voltage I’, 
(= J’. )across Rk, provides the necessary bias. 


V 
Vy =Vo= so’ «Rk 


 R+R, 
Now Vy. SVs TR. 
or Va. SiR. 


The circuit is so designed that /,, R, 1s larger 
than J’, so that J’,,1s negative. This provides cor- 
rect bias voltage. We can find the operating point 
as under : 


SIGNAL 


V,—V, 
I, = 2 7 GS * 


and Veg =) pp ln Co he 


Although the circuit of voltage-divider bias is = = 
a bit complex, yet the advantage of this method of 
biasing 1s that it provides good stability of the oper- Fig. 19.26 
ating point. The input impedance Z, of this circuit is 
given by ; 
2, = By | 


Example 19.20. Determine I,, and V, for the JFET with voltage-divider bias in Fig. 19.27, 
given that V7, = 7V: 


Solution. 
Vppatl2V 
_ Upp lp _12V-7V 
In = R, 3.3 kQ 
- Ete =1.52mA 
, 6.8 MQ 2 R, 3.3kNQ2Rp 
I, = I,R,= (1.52 mA) (1.8 kQ) = 2.74V 
p= PDR, =—2V_ x1 Ma=154V 


G~ R+R, 2? 78MQ 
Vag = Va-Vy= 1.54 V-2.74 V=—-1.2V 
Example 19.21. Jn an n-channel JFET biased by potential 
divider method, it is desired to set the operating point at I, = 2.5 
maand V2 = 8. V5 = 30K =I Mand, = 500 ka, 
find the value of Rx. The parameters of JFET are Ij., = 10 mA 
and Ves op = —IV. 


Solution. Fig. 19.28 shows the conditions of the problem. Fig. 19.27 
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: 2 +V..= 30V 
IL, =/ G “gs = 
— “ DSS J 
i I Gs (off) 
Ir 2 
or 25 = 10 (1+ Yas. 
” 
or Meee = /§2.5/10 = 0.5 
Or Vas =-25V 
Now, 3. = VDD x R, 
R,+R, 
_ 30 __y sq 
1000 + 500 
=10V 
Now eS Hak NN | | 
or lOV =-25V+2.5mAxR, : ; ; 
p. = 10V+25V _ 125V Fig. 19.28 
’ 25mA 2.5mA 
=5kQ 


19.20 JFET Connections 


There are three leads in a JFET viz., source, gate and drain terminals. However, when JFET is to be 
connected in a circuit, we require four terminals ; two for the input and two for the output. This 
difficulty is overcome by making one terminal of the JFET common to both input and output term1- 
nals. Accordingly, a JFET can be connected in a circuit in the following three ways : 

(‘) Common source connection (i) Common gate connection 


(iit) Common drain connection 

The common source connection is the most widely used arrangement. It is because this connec- 
tion provides high input impedance, good voltage gain and a moderate output impedance. However, 
the circuit produces a phase reversal i.e., output signal is 180° out of phase with the input signal. Fig. 
19.29 shows a common source n-channel JPET amplifier. Note that source terminal is common to 
both input and output. 

Note. A common source JFET amplifier 1s the JFET equivalent of common emitter amplifier. 
Both amplifiers have a 180° phase shift from input to output. Although the two amplifiers serve the 
same basic purpose, the means by which they operate are quite different. 


19.21 Practical JFET Amplifier 


It is important to note that a JFET can accomplish faithful amplification only if proper associated 
circuitry 1s used. Fig. 19.29 shows the practical circuit of a JFET. The gate resistor R, serves two 
purposes. It keeps the gate at approximately 0 Vdc (-,- gate current is nearly zero) and its large value 
(usually several megaohms) prevents loading of the a.c. signal source. The bias voltage 1s created by 
the drop across R,. The bypass capacitor C, bypasses the a.c. signal and thus keeps the source of the 
JFET effectively at a.c. ground. The coupling capacitor C,,, couples the signal to the input of JFET 


amplifier. 
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R, S OUTPUT 


SIGNAL 


Cs 


COMMON SOURCE CONNECTION 


Fig. 19.29 


19.22 D.C. and A.C. Equivalent Circuits of JFET 


Like in a transistor amplifier, both d.c. and a.c. conditions prevail in a JFET amplifier. The d.c. 
sources set up d.c. currents and voltages whereas the a.c. source (i.e. signal) produces fluctuations in 
the JFET currents and voltages. Therefore, a simple way to analyse the action of aJFET amplifier is 
to split the circuit into two parts viz. d.c. equivalent circuit and a.c. equivalent circuit. The d.c. 
equivalent circuit will determine the operating point (d.c. bias levels) for the circuit while a.c. equiva- 
lent circuit determines the output voltage and hence voltage gain of the circuit. 


+ Vop 


Fig. 19.30 


We shall split the JFET amplifier shown in Fig. 19.30 into d.c. and a.c. equivalent circuits. Note 
that biasing 1s provided by voltage-divider circuit. 


1. D.C. equivalent circuit. In the d.c. equivalent circuit of aJFET amplifier, only d.c. condi- 
tions are considered i.e. it is presumed that no signal is applied. As direct current cannot 
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flow through a capacitor, a// the capacitors look like open + Von 
circuits in the d.c. equivalent circuit. It follows, there- 
fore, that in order to draw the d.c. equivalent circuit, the 
following two steps are applied to the JFET amplifier cir- 
cuit : 

(i) Reduce all a.c. sources to zero. 

(ii) Open all the capacitors. 


Applying these two steps to the JFET amplifier circuit 
shown in Fig. 19.30, we get the d.c. equivalent circuit 
shown in Fig. 19.31. We can easily calculate the d.c. cur- 
rents and voltages from this circuit. 


2. A. C. equivalent circuit. In the a.c. equivalent circuit of 
a JFET amplifier, only a.c. conditions are to be consid- 
ered. Obviously, the d.c. voltage is not important for such Fig. 19.31 
a circuit and may be considered zero. The capacitors are 
generally used to couple or bypass the a.c. signal. The designer intentionally selects capaci- 
tors that are large enough to appear as short circuits to the a.c. signal. It follows, therefore, 
that in order to draw the a.c. equivalent circuit, the following two steps are applied to the 
JFET amplifier circuit : 


(i) Reduce all d.c. sources to zero (i.e. 74, = 0). 
(ii) Short all the capacitors. 


Fig. 19.32 


Applying these two steps to the circuit shown in Fig. 19.30, we get the a.c. *equivalent circuit 
shown in Fig. 19.32. We can easily calculate the a.c. currents and voltages from this circuit. 


19.23 D.C. Load Line Analysis 


The operating point of aJFET amplifier can be determined graphically by drawing d.c. load line on 
the drain characteristics (J,,.—J, curves). This method is identical to that used for transistors. 


The d.c. equivalent circuit of aJFET amplifier using voltage-divider bias is shown 1n Fig. 19.33 


(7). It is clear that : 
Pop = Ppstlp Apt Rs) 


or ee es ey (i) 


* Note that one end of R, and R, is connected to one point (See Fig. 19.30) and the other end of R, and R, is 
connected to ground. Therefore, R, || R,. Similar is the case with Rp and R, so that Rp || R;. 
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+ Von Ip 


(z) 


Fig. 19.33 


As for a given circuit, ’,, and (R, + R,) are constant, therefore, exp. (i) 1s a first degree equation 
and can be represented by a straight line on the drain characteristics. This is known as d.c. load line 
for JFET and determines the locus of /,, and J’,,, (i.e. operating point) in the absence of the signal. The 
d.c. load line can be readily plotted by locating the two end points of the straight line. 

(i) The value of I’,, will be maximum when J, = 0. Therefore, by putting J, = 0 in exp. (/) 
above, we get, 

Max. Ving = Von 
This locates the first point B (OB = J’) of the d.c. load line on drain-source voltage axis. 
(11) The value of J, will be maximum when I’,,= 0. 
= V pp 
Max. I, = R, +R, 

This locates the second point A (OA = 15,/Rp + R,) of the d.c. load line on drain current axis. 

By joining points A and B, d.c. load line AB is constructed [See Fig. 19.33 (i)]. 

The operating point 2 1s located at the intersection of the d.c. load line and the drain curve which 
corresponds to I’, provided by biasing. If we assume in Fig. 19.33 () that }’..=—2V, then point Q 
is located at the intersection of the d.c. load line and the 1(,,=—2V curve as shown in Fig. 19.33 (a). 
The J, and J’, of Q point are marked on the graph. 

Example 19.22. Draw the d.c. load line for the JFET amplifier shown in Fig. 19.34 (i). 

+ Vip = 20V 


Fig. 19.34 
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Solution. To draw d.c. load line, we require two end points viz., max J’, and max. J, points. 
Max. Ips = Vip = 20V 
This locates point B (OB = 20V) of the d.c. load line. 


_ Vpp  ___20V 
Max. tp = R- +R. (150+50)Q 


= 20V_ = 100mA 
2002 


This locates point A (OA = 100 mA) of the d.c. load line. Joining A and B, d.c. load line AB 1s 


constructed as shown in Fig. 19.34 (ii). 
Example 19.23. Draw the d.c. load line for the JFET amplifier shown in Fig. 19.35 (i). 


+ Vinp = 20 V 


(i) 
Fig. 19.35 
Solution. 
Max. Vn0 = Vp = 20V 
This locates the point B (OB = 20V) of the d.c. load line. 


Vpp _ 20V 


Max. /, = Ry 5002 = 40 mA 


This locates the point A (OA = 40 mA) of the d.c. load line. 
Fig. 19.35 (ii) shows the d.c. load line AB. 


19.24 Voltage Gain of JFET Amplifier 


The a.c. equivalent circuit of JFET amplifier was developed in Art. 19.22 and 1s redrawn as Fig. 19.36 
(i) for facility of reference. Note that R, || R, and can be replaced by a single resistance R,. Similarly, 
Rp || X; and can be replaced by a single resistance R ,. (= total a.c. drain resistance). The a.c. equiva- 
lent circuit shown in Fig. 19.36 (Z) then reduces to the one shown 1n Fig. 19.36 (ii). 

We now find the expression for voltage gain of this amplifier. Referring to Fig. 19.36 (ii), output 
voltage (v,,,,,) 18 given by ; 

Vout ~ lg Rc es (7) 
Remember that we define g,, as : 
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Fig. 19.36 () 


_ Alp 
Bm AT a4 
Ia 
Or Sin = i= 
Or 


ly — Em Vos 
Putting the value of i, (= g,, V,,) in eq. (2), 
we have, 


Vout — §& m Vos Rac 


Now v,,, = V,, SO that a.c. output voltage is 


Vout = & m Vin Ryuc 
or Vout / Vin = & m Rac 
But v 


out Vin 18 the voltage gain (4,) of the amplifier. 


Fig. 19.36 (ii) 


Voltage gain, A, = gRyq ... for loaded amplifier 


= gp... for unloaded amplifier 


Example 19.24. The JFET in the amplifier of Fig. 19.37 has a transconductance g,,= 1 mA/V: 
If the source resistance R, is very small as compared to R,, find the voltage gain of the amplifier. 


+ Viop= 20V 
IZkQSR D 
Co 
Ci ao 
6) R, 8kQ2 OUTPUT 
SIGNAL 
Fig. 19.37 
Solution. 


Transconductance of JFET, g,= | mA/V 


Field Effect Transistors @ 531 


= 1000 umho = 1000 x 10° mho 
The total ac load (i.e. R.,..) in the drain circuit consists of the parallel combination of R, and R; i.e. 
Total a.c. load, Ry. = Rp ||, 


_ _ xs” 

= 12kQ||8kQ= 757 =48kQ 
Voltage gain, A, = gx Ryo 
(1000 x 10°°) x (4.8 x 10°) = 4.8 


Example 19.25. The transconductance of aJFET used as a voltage amplifier is 3000 umho and 
drain resistance is 10 kQ2. Calculate the voltage gain of the amplifier. 


Solution. 
Transconductance of JFET, g,, = 3000 umho = 3000 x 10° mho 
Drain resistance, R, = 10k =10 x 10°Q 
Voltage gain, A, = g R, = (3000 x 10°) (10 x 10°) = 30 
Example 19.26. What is the r.m.s. output voltage of the unloaded amplifier in Fig. 19.38? The 
Ips = 8 MA, Ves (ogy =— 10V and I, = 1.9 mA. 
Vop 
+12V 


Vin 


100 mV 
(r.m.s.) 


{ 


Fig. 19.38 
Solution. 
GS = —1,Ro=- 1.9mA x 2.7 x 10°Q =_513V 


21 : 
en 1... | 288 ——- =16x10°S 
Gs cof)| OV 
y 7 ~5.13V 7 
- Ll = Je 16x10" (1- ] = 779 «1078s 
Em Emo Fr ° 


Voltage gain,A, = g, Rp, =(779 x 10°) (3.3 x 10°) = 2.57 
Output voltage,v,, = A,v,=2.57 x 100 mV = 257 mV (r.m.s.) 


out voin 
Example 19.27. [fa 4.7 kQ load resistor is a.c. coupled to the output of the amplifier in Fig. 
19.38 above, what is the resulting rm.s. output voltage? 


Solution. The value of g,, remains the same. However, the value of total a.c. drain resistance R ,, 
changes due to the connection of load R, (= 4.7 kQ). 


Total a.c. drain resistance, R,. = Rp || R, 
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— _RpR, _ B.3kQ) (4.7kQ) 
~ Ry+tR,  3.3kQ4+4.7kOQ 


Voltage gain,A, = g, Ri. =(779 x 10°) (1.94 x 10°) = 1.51 
Output voltage, v,, = A,v,,= 1.51 x 100 mV= 151 mV (r.m.s.) 


= 1.94kQ 


19.25 Voltage Gain of JFET Amplifier 
(With Source Resistance R.) 


Fig. 19.39 (4) shows the JFET amplifier with source resistor R, unbypassed. This means that a.c. 
signal will not be bypassed by the capacitor C,. 


+ Vop 


(i) (ii) 
Fig. 19.39 


Fig. 19.39 (ii) shows the simplified a.c. equivalent circuit of the JFET amplifier. Since 
Bn aid’ ge 2 Current source i= g,, V,, appears between drain and source. Referring to Fig. 19.39 (ii), 


Vin — Vos T lq Rs 
Vout — ly Rp 
. _— Vout _ lg Rp 
Voltage gain, A, = aie v,, +1, Ry 
in gs 
_ Sm Ves Kp = Ci VeeD je j =g ) 
V gs t Bm V gs Ks V gs (+g, Rs) —" = 
R _ 
A, = —Sm—p_ ... for unloaded amplifier 
4 l+g¢, Rg 
8m Rac se 
= ... for loaded amplifier 
l+2,, Rs 


Note that 8, (= Rp || X,) 1s the total a.c. drain resistance. 


Example 19.28. [n a JFET amplifier, the source resistance R, is unbypassed. Find the voltage 
gain of the amplifier. Given g,, = 4 mS; Rp = 1.5 kQ and Ry = 5602. 
Solution. 
Em Rp 
l+g Rg 
4mS =4x 10°S ; R,5=15kQ=1.5x 10°Q ; R,=560Q 


Voltage gain, A, = 


Here Zin 
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(4x10~)(.5x10°)_ 6 
¥ ~~  14(4x1077) (560) 1+ 2.24 
If R, is bypassed by a capacitor, then, 
A, = g,Rp=(4x 10>) (1.5 10°) =6 
Thus with unbypassed R,, the gain = 1.85 whereas with R, bypassed by a capacitor, the gain is 6. 
Therefore, voltage gain is reduced when R, is unbypassed. 


= 1.85 


Example 19.29. For the JFET amplifier circuit shown in Fig. 19.40, calculate the voltage gain 
with (i) Ry bypassed by a capacitor (ii) R, unbypassed. 


Vop=t+9V 


C, 
C | > Vout 
1 
Yin o— JFET Data 
Ro T50QN = Ry P Vos (off) ~~ 3.5V 
| RY 


Fig. 19.40 


Solution. From the d.c. bias analysis, we get, */,, = 2.3 mA and J’.,.=-— 1.8V. 
The value of g_ 1s given by; 


- 2 Ings |- Vos 
Sm iy | 1” 
GS (off) GS (off) 


35 —3.5 
(i) The voltage gain with k, bypassed is 
A, = g,,Rp= (2.77 mS) (1.5 kQ) = 4.155 


2xl0f, -18 
( - = (5.7 mS) (0.486) = 2.77 mS 


(ii) The voltage gain with R, unbypassed is 
= 8m%p -_ ASS 
s l+g,R, 14+(2.77 mS) (0.75 kQ) 


19.26 JFET Applications 


The high input impedance and low output impedance and low noise level make JFET far superior to 
the bipolar transistor. Some of the circuit applications of JFET are : 


= 1.35 


Vas 
GS (off) 


2 
# fo" os| 7 | and I..=—Ip Rs 


The unknown quantities I, and J, can be found from these two equations. 
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BUFFER SECOND 
tet lee AMPLIFIER STAGE 


HIGH Z,, LOW Z,,, 


Fig. 19.41 


(i) As abuffer amplifier. A buffer amplifier is a stage of amplification that isolates the pre- 
ceding stage from the following stage. Because of the high input impedance and low output imped- 
ance, aJFFET can act as an excellent buffer amplifier (See Fig. 19.41). The high input impedance of 
JFET means light loading of the preceding stage. This permits almost the entire output from first 
stage to appear at the buffer input. The low output impedance of JFET can drive heavy loads (or 
small load resistances). This ensures that all the output from the buffer reaches the input of the 
second stage. 


+ Vp 


Fig. 19.42 


(ii) Phase-shift oscillators. The oscillators discussed in chapter 14 will also work with JFETs. 
However, the high input impedance of JFET is especially valuable in phase-shift oscillators to minimise 
the loading effect. Fig. 19.42 shows the phase-shift oscillator using n-channel JFET. 

(iii) As RF amplifier. In communication electronics, we have to use JFET RF amplifier in a 
receiver instead of BJT amplifier for the following reasons : 

(a) The noise level of JFET is very low. The JFET will not generate significant amount of noise 
and is thus useful as an RF amplifier. 

(b) The antenna of the receiver receives a very weak signal that has an extremely low amount of 
current. Since JFET 1s a voltage controlled device, it will well respond to low current signal provided 
by the antenna. 
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19.27 Metal Oxide Semiconductor FET (MOSFET) 


The main drawback of JFET 1s that its gate must be reverse biased for proper operation of the device 
i.e. 1t can only have negative gate operation for n-channel and positive gate operation for p-channel. 
This means that we can on/y decrease the width of the channel (i.e. decrease the *conductivity of the 
channel) from its zero-bias size. This type of operation is referred to as **depletion-mode operation. 
Therefore, a JFET can only be operated in the depletion-mode. However, there 1s a field effect tran- 
sistor (FET) that can be operated to enhance (or increase) the width of the channel (with consequent 
increase in conductivity of the channel) i.e. it can have enhancement-mode operation. Such a FET is 
called MOSFET. 


A field effect transistor (FET) that can be operated in the enhancement-mode is calleda MOSFET. 


A MOSFET 1s an important semiconductor device and can be used in any of the circuits covered 
for JFET. However, a MOSFET has several advantages over JFET including high input impedance 
and low cost of production. 


19.28 Types of MOSFETs 


There are two basic types of MOSFETs viz. 


1. Depletion-type MOSFET or D-MOSFET. The D-MOSFET can be operated in both the deple- 
tion-mode and the enhancement-mode. For this reason, a D-MOSFET is sometimes called 
depletion/enhancement M/OSF ET. 


2. Enhancement-type AJOSFET or E-MOSFET. The E-MOSFET can be operated on/y in en- 
hancement-mode. 


The manner in which a MOSFET is constructed determines whether it is D-MOSFET or E- 
MOSFET. 


1. D-MOSFET. Fig. 19.43 shows the constructional details of n-channel D-MOSFET. It is 
similar to n-channel JFET except with the following modifications/remarks : 


(i) The n-channel D-MOSFET is a piece of n-type material with a p-type region (called swb- 
strate) on the right and an insulated gate on the left as shown in Fig. 19.43. The free electrons (-,- it 
is n-channel) flowing from source to drain must pass through the narrow channel between the gate 
and the p-type region (i.e. substrate). 


(ii) Note carefully the gate construction of D-MOSFET. A thin layer of metal oxide (usually 
silicon dioxide, SiO.) is deposited over a small portion of the channel. A metallic gate is deposited 
over the oxide layer. As SiO, is an insulator, therefore, gate is insulated from the channel. Note that 
the arrangement forms a capacitor. One plate of this capacitor 1s the gate and the other plate is the 
channel with S10, as the dielectric. Recall that we have a gate diode in a JF'ET. 


(iii) It is a usual practice to connect the substrate to the source (S) internally so that a MOSFET 
has three terminals viz source (S), gate (G) and drain (D). 


(iv) Since the gate 1s insulated from the channel, we can apply either negative or positive voltage 
to the gate. Therefore, D-VMOSFET can be operated in both depletion-mode and enhancement-mode. 
However, JFET can be operated only in depletion-mode. 

* With the decrease in channel width, the X-sectional area of the channel decreases and hence its resistance 
increases. This means that conductivity of the channel will decrease. Reverse happens if channel width 
increases. 

** With gate reverse biased, the channel is depleted (7.e. emptied) of charge carriers (free electrons for n-channel 
and holes for p-channel) and hence the name depletion-mode. Note that depletion means decrease. In this 
mode of operation, conductivity decreases from the zero-bias level. 
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n-Channel 


No Channel 


4, Source (S) 4 Source (S) 
n-Channel D-MOSFET n-Channel E-MOSFET 


Fig. 19.43 Fig. 19.44 


2. E-MOSFET. Fig. 19.44 shows the constructional details of n-channel E-MOSFET. Its gate 
construction 1s similar to that of D-MOSFET. The E-MOSFET has no channel between source and 
drain unlike the D-MOSFET. Note that the substrate extends completely to the SiO, layer so that no 
channel exists. The E-MOSFET requires a proper gate voltage to form a channel (called induced 
channel). It is reminded that E-MOSFET can be operated on/y in enhancement mode. In short, the 
construction of E-MMOSFET is quite similar to that of the D-MOSFET except for the absence of a 
channel between the drain and source terminals. 


Why the name MOSFET ? The reader may wonder why is the device called MOSFET? The 
answer is simple. The SiO, layer is an insulator. The gate terminal is made of a metal conductor. Thus, 
going from gate to substrate, you have a metal oxide semiconductor and hence the name MOSFET: 
Since the gate 1s insulated from the channel, the MOSFET is sometimes called insulated-gate FET 
(IGFET). However, this term is rarely used in place of the term MOSFET. 


19.29 Symbols for D-MOSFET 


There are two types of D-MOSFETs viz (1) n-channel D-MOSFET and (ii) p-channel D-MOSFET. 


(i) n-channel D-MOSFET. Fig. 19.45 (i) shows the various parts of n-channel D-MOSFET. 
The p-type substrate constricts the channel between the source and drain so that only a small passage 


Drain Drain 
Drain 
Oxide 
Layer Z 
g Substrate Substrate 
Gate g Gate Gate 
Z 
Source Source Source 
n-Channel D-MOSFET Symbol Symbol 
(i) (ii) (til) 


Fig. 19.45 
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remains at the left side. Electrons flowing from source (when drain is positive w.r.t. source) must pass 
through this narrow channel. The symbol for n-channel D-MMOSFET is shown in Fig. 19.45 (ii). The 
gate appears like a capacitor plate. Just to the right of the gate 1s a thick vertical line representing the 
channel. The drain lead comes out of the top of the channel and the source lead connects to the 
bottom. The arrow is on the substrate and points to the n-material, therefore we have n-channel D- 
MOSFET. It is a usual practice to connect the substrate to source internally as shown in Fig. 19.45 
(iii). This gives rise to a three-terminal device. 


(ii) p-channel D-MOSFET. Fig. 19.46 (i) shows the various parts of p-channel D-MOSFET. 
The n-type substrate constricts the channel between the source and drain so that only a small passage 
remains at the left side. The conduction takes place by the flow of holes from source to drain through 
this narrow channel. The symbol for p-channel D-MOSFET is shown in Fig. 19.46 (i). It 1s a usual 
practice to connect the substrate to source internally. This results in a three-terminal device whose 
schematic symbol is shown in Fig. 19.46 (iii). 


Drain Drain 
Drain 
Oxide 
Layer Z 
Z Substrate Substrate 
e Z n o 
Gate Z Gate Gate 
Z 
Source Source Source 
p-Channel D-MOSFET Symbol Symbol 
(i) (ii) (iii) 
Fig. 19.46 


19.30 Circuit Operation of D-MOSFET 


Fig. 19.47 @) shows the circuit of n-channel D-MOSFET. The gate forms a small capacitor. One plate 
of this capacitor is the gate and the other plate is the channel with metal oxide layer as the dielectric. 
When gate voltage is changed, the electric field of the capacitor changes which in turn changes the 
resistance of the n-channel. Since the gate is insulated from the channel, we can apply either negative 
or positive voltage to the gate. The negative-gate operation is called depletion mode whereas posi- 
tive-gate operation is known as enhancement mode. 


(i) Depletion mode. Fig. 19.47 (/) shows depletion-mode operation of n-channel D-MOSFET. 
Since gate is negative, it means electrons are on the gate as shown 1s Fig. 19.47 (ii). These electrons 
*repel the free electrons in the n-channel, leaving a layer of positive ions in a part of the channel as 
shown in Fig. 19.47 (ii). In other words, we have depleted (i.e. emptied) the n-channel of some of its 
free electrons. Therefore, lesser number of free electrons are made available for current conduction 
through the n-channel. This is the same thing as if the resistance of the channel is increased. The 
greater the negative voltage on the gate, the lesser 1s the current from source to drain. 


Thus by changing the negative voltage on the gate, we can vary the resistance of the n-channel 
and hence the current from source to drain. Note that with negative voltage to the gate, the action of 
D-MOSFET 1s similar to JFET. Because the action with negative gate depends upon depleting (i.e. 
emptying) the channel of free electrons, the negative-gate operation 1s called depletion mode. 


* If one plate of the capacitor is negatively charged, it induces positive charge on the other plate. 
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_—=_Vpp 


ANU 
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®BOOO® 


(i) (ii) 
Fig. 19.47 


(ii) Enhancement mode. Fig. 19.48 (7) shows enhancement-mode operation of n-channel D- 
MOSFET. Again, the gate acts like a capacitor. Since the gate is positive, it induces negative charges 
in the n-channel as shown in Fig. 19.48 (ii). These negative charges are the free electrons drawn into 
the channel. Because these free electrons are added to those already in the channel, the total number 
of free electrons in the channel is increased. Thus a positive gate voltage enhances or increases the 
conductivity of the channel. The greater the positive voltage on the gate, greater the conduction from 
source to drain. 


Thus by changing the positive voltage on the gate, we can change the conductivity of the chan- 
nel. The main difference between D-MOSFET and JFET 1s that we can apply positive gate voltage to 
D-MOSFET and still have essentially *zero current. Because the action with a positive gate depends 
upon enhancing the conductivity of the channel, the positive gate operation is called enhancement 
mode. 


ANAAAAAAAAAAN 
++++4+4+ 
Plldidldd 


Vog — 


(i) (ii) 
Fig. 19.48 


The following points may be noted about D-MOSFET operation : 


(i) Ina D-MOSFET, the source to drain current 1s controlled by the electric field of capacitor 
formed at the gate. 

(ii) The gate of JPET behaves as a reverse-biased diode whereas the gate of a D-MOSFET acts 
like a capacitor. For this reason, it is possible to operate D-MMOSFET with positive or negative gate 
voltage. 


(iii) As the gate of D-MOSFET forms a capacitor, therefore, negligible gate current flows whether 


* Note that gate of JFET 1s always reverse biased for proper operation. However, in a MOSFET, because of 
the insulating layer, a negligible gate current flows whether we apply negative or positive voltage to gate. 
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positive or negative voltage is applied to the gate. For this reason, the input impedance of D-MOSFET 
is very high, ranging from 10,000 MQ to 10,000,00 MQ. 

(iv) The extremely small dimensions of the oxide layer under the gate terminal result in a very 
low capacitance and the D-VMMOSFET has, therefore, a very low input capacitance. This characteristic 
makes the D-MOSFET useful in high-frequency applications. 


19.31 D-MOSFET Transfer Characteristic 


Fig. 19.49 shows the transfer characteristic curve (or transconductance curve) for n-channel D-MOSFET. 
The behaviour of this device can be beautifully explained with the help of this curve as under : 
(t) The point on the curve where I’...= 0, 1, = Ipgg. It is expected because J,,..1s the value of /,, 

when gate and source terminals are shorted i.e. V..= 0. 

(ii) As V.. goes negative, I, decreases below the value of /,,., till J, reaches zero when I’,..= 
GS (off) just as with JPET. 

(it) When I’, 1s positive, [,, increases above the value of J... The maximum allowable value of 
Ty 18 given on the data sheet of D-MOSFET. 

I, (mA) 


J 


DSS 


Depletion 
(Up <Lpss) 


Enhancement 
Up > Ips) 


Ves 


Fig. 19.49 


Note that the transconductance curve for the D-MOSFET 1s very similar to the curve for aJFET. 
Because of this similarity, the JPET and the D-MOSFET have the same transconductance equation 


viz. : ; 
p- pss [ “7 os 
GS (off ) 


Example 19.30. For a certain D-MOSFET, Lee 40 mA and ee a od 
(i) Is this an n-channel or a p-channel ? 

(a) Calculate I,.at Vag =—3V. 

(ill) Calculated at V.. = + 3V 


Solution. 
(«) The device has a negative I’... (off) Therefore, it is n-channel D-MOSFET. 
2 
las 
(ii) Tigi axe [ 7 as) 
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2 
: 
(iii) iS ee 
MGs (off) 
+3] 
= 10mA t -13) = 18.9mA 


Example 19.31. 4 D-MOSFET has parameters of V 
plot the transconductance curve for the device ? 

Solution. When J..= 0 V, I, =Ipco = | mA and when J45= Vag (off) I= OA. This locates two 
points viz Inc, and I 'gs(,g, on the transconductance curve. We can locate more points of the curve by 
*changing I,, values. 


GS (off) =—6VandI,..= 1 mA. How will you 


2 
3 
When I’,.=-3V ; I,=1mA — =0.25 mA 


When I’,.=-1V l= =v) = 0.694 mA 


+1V 
When J.=+1V ; Ip=1 mA nF “) =136mA 


: = 
When J7,,=+3V 3; Ip=1mA|!- =225mA 


Thus we have a number of }’..—J Sia so that transconductance curve for the device can be 
readily plotted. 


19.32 Transconductance and Input Impedance of D-MOSFET 


These are important parameters of a D-MOSFET and a brief discussion on them 1s desirable. 


(}) D-MOSFET Transconductance (g,,). The value of g,, is found for a D-MOSFET in the 
same way that it is for the JFET i.e. 


' 
Sn = Limo (1-5 aa | 
GS (off) 


(ii) D-MOSFET Input Impedance. The gate impedance of a D-MOSFET 1s extremely high. 
For example, a typical D-VMMOSFET may have a maximum gate current of 10 pA when I’,,= 35V. 


35V_35V 
lOpA 10x10"*A 

With an input impedance in this range, D-MMOSFET would present virtually no load to a source 
circuit. 


19.383 D-MOSFET Biasing 


The following methods may be used for D-MOSFET biasing : 
(i) Gate bias (ii) Self-bias 
(iii) Voltage-divider bias (iv) Zero bias 


m 


Input impedance = = 3.5 x 10'7Q 


The first three methods are exactly the same as those used for JFETs and are not discussed here. 
However, the last method of zero-bias 1s widely used in D-MOSFFET circuits. 


Zero bias. Since aD-MOSFET can be operated with either positive or negative values of I’.., we 
can set its Q-point at J}, = OV as shown in Fig. 19.50. Then an input a.c. signal to the gate can 
produce variations above and below the Q-point. 


* We can only change I, because the values of [,., and Vas (of are constant for a given D-MOSFET. 
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+ Vop 


Fig. 19.50 Fig. 19.51 


We can use the simple circuit of Fig. 19.51 to provide zero bias. This circuit has 1’..= OV and J, 
= Ings. We can find I’. as under : 


J 
Note that for the D-MOSFET zero bias circuit, the source resistor (R,) 1s not necessary. With no 


source resistor, the value of J’,1s OV. This gives us a value of 1’... = OV. This biases the circuit at J, = 
Tpygg and V4. = OV. For mid-point biasing, the value of R, is so selected that J7,.= V,,/2. 


I 


ps = !pp-lpsskp 


Example 19.32. Determine the drain-to-source voltage (V,,,) in the circuit shown in Fig. 19.51 


above if Vn, = + 18Vand Ry = 62082. The MOSFET data sheet gives Vg og) = — 8V and Ing, = 12 mA. 


Solution. Since J, = [,..= 12 mA, the I’, 1s given by; 
Vps = Vpp—loss®p 
= 18V-—(12 mA) (0.62 kQ) = 10.6V 


19.34 Common-Source D-MOSFET Amplifier 


Fig. 19.52 shows a common-source amplifier using n-channel D-MOSFET. Since the source terminal 
is common to the input and output terminals, the circuit is called *common-source amplifier. The 
circuit 1s Zero biased with an a.c. source coupled to the gate through the coupling capacitor C,. The 
gate is at approximately OV d.c. and the source terminal is grounded, thus making I’,..= OV. 


+ Vop 


out 


* It is comparable to common-emitter transistor amplifier. 
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Operation. The input signal (1’,) is capacitively coupled to the gate terminal. In the absence of 
the signal, d.c. value of I’.,.= OV. When signal (J’,,) is applied, Ves swings above and below its zero 
value (-,; d.c. value of 1’,,= OV), producing a swing in drain current J , 

(i) Asmall change in gate voltage produces a large change in drain current as in aJFET. This 
fact makes MOSFET capable of raising the strength of a weak signal; thus acting as an amplifier. 

(ii) During the positive half-cycle of the signal, the positive voltage on the gate increases and 
produces the enhancement-mode. This increases the channel conductivity and hence the drain cur- 
rent. 

(iii) During the negative half-cycle of the signal, the positive voltage on the gate decreases and 
produces depletion-mode. This decreases the conductivity and hence the drain current. 

The result of above action is that a small change in gate voltage produces a large change in the 
drain current. This large variation in drain current produces a large a.c. output voltage across drain 
resistance R,,. In this way, D-MOSFET acts as an amplifier. Fig. 19.53 shows the amplifying action of 
D-MOSFET on transconductance curve. 

Voltage gain. The a.c. analysis of D-MOSFET 1s similar to that of the JPET. Therefore, voltage 
gain expressions derived for JFET are also applicable to D-MOSFET. 

Voltage gain,A, = g, Rp ... for unloaded D-MOSFET amplifier 
= 9. Rie ... for loaded D-MOSFET amplifier 


Note the total a.c. drain resistance R , = Ry, || R;. 
Example 19.33. The D-MOSFET used in the amplifier of Fig. 19.54 has anIp..= 12 mA and g,, 


= 3.2 mS. Determine (i) d.c. drain-to-source voltage V,, and (ii) a.c. output voltage. Given v,,, = 500 
mV: 


Vop 
+15V 


Vout 


R, =8.2 kQ 


Solution. 

(1) Since the amplifier is zero biased, J, = Ip,..= 12 mA. 
Vos = Vpp-!pss®p 

1SV —(12 mA) (0.62 kQ) = 7.56V 

(ti) Total a.c. drain resistance R,., of the circuit is 
Ric = Rp || R, = 620Q || 8.2 kQ = 576Q 
Vout - A, . Vin = Ca Rc) (v;,) 

(3.2 x 10° S x 576 (2) (500 mV) = 922 mV 
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19.35 D-MOSFETs Versus JFETs 
Table below summarises many of the characteristics of JFETs and D-MOSFETs. 


Devices: D-MOSFETs 


Schematic 
symbol: 
I 


D 


Ipss 
Transconduc- 
tance curve: 
VGs — VGs Vs 


0 


Vos (off) Vos (off) 0 


Modes of Depletion only Depletion and enhancement 

operation: 

Commonly Gate bias Gate bias 

used bias Self bias Self bias 

circuits: Voltage-divider bias Voltage-divider bias 
Zero bias 

Advantages: Extremely high input Higher input impedance 

impedance. than a comparable JFET. 

Can operate in both modes 
(depletion and enhancement). 

Disadvantages: Bias instability. Bias instability. 


More sensitive to changes in 


Can operate only in 
temperature than the JFET. 


the depletion mode. 


19.36 E-MOSFET 


Two things are worth noting about E-MOSFET. First, E-MOSFET operates only in the enhancement 
mode and has no depletion mode. Secondly, the E-MOSFET has no physical channel from source to 
drain because the substrate extends completely to the S10, layer [See Fig. 19.55 (d]. Itis only by the 
application of J, (gate-to-source voltage) of proper magnitude and polarity that the device starts 
conducting. The minimum value of I’, of proper polarity that turns on the E-MOSFET is called 
Lhreshold voltage [V'gg yy]. The n-channel device requires positive I’. (2 Vg5(y)) and the p-channel 
device requires negative I’. (2 Ves pp). 

Operation. Fig. 19.55 @) shows the circuit of n-channel E-MOSFET. The circuit action 1s as 
under : 


(t) When I’.,.=OV [See Fig. 19.55(a)], there 1s no channel connecting the source and drain. The 
p substrate has only a few thermally produced free electrons (minority carriers) so that drain current 
is essentially zero. For this reason, E-MOSFET 1s normally OFF when J’, = 0 V. Note that this 
behaviour of E-MOSFET 1s quite different from JFET or D-MOSFET.: 
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ULLAL. 


Vos Vos 
(2) (it) 
Fig. 19.55 
(ii) When gate is made positive (i.e. 1’... 1s positive) as shown in Fig. 19.55 (i), it attracts free 

electrons into th p region. The free electrons combine with the holes next to the SiO, layer. If ’.1s 
positive enough, all the holes touching the S10, layer are filled and free electrons begin to flow from 
the source to drain. The effect is the same as creating a thin layer of n-type material (i.e. inducing a 
thin n-channel) adjacent to the Si0, layer. Thus the E-/OSFET is turned ON and drain current J, 
starts flowing form the source to the drain. 


The minimum value of V'., that turns the E-MOSFET ON is called threshold voltage []".. an)l: 

(ii) When J’, is less than JG. thy there is no induced channel and the drain current J, 1s zero. 
When IG, 1s equal to VG¢ (yy, the E-MOSFET 1s tumed ON and the induced channel conducts drain 
current from the source to the drain. Beyond Igo), if the value of I’... 1s increased, the newly formed 
channel becomes wider, causing /,, to increase. If the value of I’,, decreases [not less than Igo (I, 
the channel becomes narrower and /,, will decrease. This fact is revealed by the transconductance 
curve of n-channel E-MOSFET shown in Fig. 19.56. As you can see, /,, = 0 when J’.,= 0. Therefore, 
the value of J,,.. for the E-MOSFET is zero. Note also that there is no drain current until J’, reaches 
I Gs any 


lp 


0 Vos (th) 


n—Channel (i) (zi) 
Fig. 19.56 Fig. 19.57 


Schematic Symbols. Fig. 19.57 () shows the schematic symbols for n-channel E-MOSFET 
whereas Fig. 19.57 (i) shows the schematic symbol for p-channel E-MOSFET. When J’,,= 0, the E- 
MOSFET is OFF because there is no conducting channel between source and drain. The broken 
channel line in the symbols indicates the normally OFF condition. 

Equation for Transconductance Curve. Fig. 19.58 shows the transconductance curve for n- 
channel E-MOSFET. Note that this curve is different from the transconductance curve for n-channel 
JFET or n-channel D-MOSFET. It 1s because it starts at 1’G(,) rather than IG.) on the horizontal 
axis and never intersects the vertical axis. The equation for the E-MMOSFET transconductance curve 
(for Voo> Vos any) is 
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= , . 2 
In = KG¢ GS Vs thy 
The constant K depends on the particular E-VMMOSFET and its 
value is determined from the following equation : 
I on 
| in Toe = 2 2 
U GS (on) } GS (ny) 
Any data sheet for an E-MOSFET will include the current ,,,,,) 
and the voltage V’G< (.,) for one point well above the threshold volt- 


age as shown mn Fig. 19.58. 


Example 19.34. The data sheet for an E-MOSFET gives Ip (oy) Fig. 19.58 
= 300 mA at Ves = 10V and Ves yy = 1V. Determine the drain 
current for Va. = SV: 


0 Ves (th) Ves (on) 


Solution. Here I, cat 10 V. 
_ : : 2 
Ir = KO cs— Gs) .. (i) 
I on 500 mA 
Here K= a = = 6.17 mA/V" 


Ves (on) Vos ey (lov — Lv)’ 
Putting the various values in eq. (i), we have, 

I, = 6.17 (5V-1V) = 98.7 mA 
Example 19.35. The data sheet for an E-MOSFET gives [p (gy, = 3 mA at Veg = 10V and Ven ay) 


= 3V. Determine the resulting value of K for the device. How will you plot the transconductance 
curve for this MOSFET ? 


Solution. The value of K can be determined from the following equation : 


K= — ~~ 2 
Vos (on) Vos thy) 
Here Ty oa 3mA; V Gs (on) = 1OV; Vos im = 3V 
K = 2m __ _ 3 ~ 0.061 x 107 AV? 
(lOV-3V)?(7V) 
_ : : 2 
Now In = KV es—Vescny) 


In order to plot the transconductance curve for the device, we shall determine a few points for the 
curve by changing the value of I’,, and noting the corresponding values of /,,. 


ForV4,= 5V ; I,=0.061 x 10° (6V-—3V)* = 0.244 mA 

For lg, = 8V ; I,=0.061 x 10° (8V—3V) = 1.525 mA 

For lg, = 10V ; I,=0.061 x 10° (IOV-3VY =3 mA 

For V4, = 12V ; 1I,=0.061 x 10° (12V-3V) =4.94 mA 

Thus we can plot the transconductance curve for the E-MOSFET from these }’,,//,, points. 


19.87 E-MOSFET Biasing Circuits 


One of the problems with E-MOSFET 1s the fact that many of the biasing circuits used for JFETs and 
D-MOSFETs cannot be used with this device. For example, E-VMOSFETs must have I, greater than 
the threshold value (Ig) so that zero bias cannot be used. However, there are two popular meth- 
ods for E-MOSFET biasing viz. 

(i) Drain-feedback bias 

(ii) Voltage-divider bias 

(i) Drain-feedback bias. This method of E-MOSFET bias is equivalent to collector-feedback 
bias in transistors. Fig. 19.59 (7) shows the drain-feedback bias circuit for n-channel E-MOSFET. A 
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high resistance R,, is connected between the drain and the gate. Since the gate resistance is superhigh, 
no current will flow in the gate circuit (i.e. [= 0). Therefore, there will be no voltage drop across R,. 
Since there is no voltage drop across K,,, the gate will be at the same potential as the drain. This fact 
is illustrated in the d.c. equivalent circuit of drain-feedback bias as in Fig. 19.59 (ii). 
Vy = VG and lyo=Ves 
+ Vin + Vin 


(i) (ii) 
Fig. 19.59 
The value of drain-source voltage I, for the drain-feedback circuit is 
Vos = Vpp-lp®p 
pine’: Fine = Veo Fb ac= Vian ip ha 
Since in this circuit Vg = Veg 3 Ip =Lp com) 
Therefore, the O-point of the circuit stands determined. 


(ii) Voltage-divider Bias. Fig. 19.60 shows voltage divider bias- 
ing arrangement for n-channel E-MOSFET. Since I, = 0, the analysis of 
the method is as follows : 


7 
y.. = —DD_ xR 
CS R,+R, ” 
and Vos = !pp—/p®p ¥ = 
where In = K Vos— Vossen)” Fig. 19.60 


Once J, and I, are known, all the remaining quantities 
of the circuit such as J’, etc. can be determined. 


Example 19.36. Determine V,. and Vy, for the E- 


MOSFET circuit in Fig. 19.61. The data sheet for this par- 
ticular MOSFET gives I = 500 mA at V,, = 10V and 


+ Vppn= 24V 


: ; D (on) 100 kQ 
Ves any = 1V: 
Solution. Referring to the circuit shown in Fig. 19.61, 
we have, 
I pp 
a= xR 
Vas Rak, °° 15kQ 
24V 
= oO «1S KQ = 
(100 +15) kQ od 


The value of K can be determined from the following 
equation : 
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K = lp (on) 
Con Vas co) 
500 mA 5 
= (lov —1V) 6.17mA/V" [+ Vescon = 1OV] 

In = KVes-t a = 6.17 mA/V’ (3.13V—1 V) =28 mA 

Vas = Vpn —lp Rp = 24V — (28 mA) (470) = 10.8V 

Example 19.37. Determine the values of I, and V,, for the circuit shown in Fig. 19.62. The 
data sheet for this particular MOSFET gives I, Pe i mA when Va= Vie 

+20 V 
Tp (on) = 10 mA 


+10V 


| 
Fig. 19.62 
Solution. Since in the drain-feedback circuit }’40= V5, 
In = Ip on) = 10 mA 
The value of I’, (and thus I,,,) is given by ; 
Vs = Vpp—lp 

20V — (10 mA) (1 kQ) = 20V - 10V = 10V 
10V and Veg iy = 1.50: 


= 10mA at Von= 


Example 19.38. Determine the value of I, for the circuit shown in Fig. 19.63. The data sheet for 
(on) : 


this particular MOSFET gives I, 


Fig. 19.63 
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Solution. The value of K can be determined from the following equation : 


I on 
K= : a 2 3 
Ves (on) — Vs ny) 
10mA 
= > 1.38 « 10 MAW? [++ VG (on) = OV] 
(10 V -1.5V) 


From the circuit, the source voltage is seen to be OV. Therefore, 1. .=VG—-V.=V.—-0=VG. The 
value of I, (= I.) 1s given by ; 
Vp 10V 
x R, =—————— * IMQ =5V 
R,+R,  * (1+1)MQ 
In = KV Gs- aoe 
= (1.38 10° mA/V’) (5V —-1.5V) = 1.69 mA 
19.88 D-MOSFETs Versus E-MOSFETs 


Table below summarises many of the characteristics of D-MOSFETs and E-MOSFETs 


D-MOSFETs E-MOSFETs 


V’, (or Vo.) 


Schematic 
symbol: 


Transconduc- 
tance curve: 


Vos Ve 
VGS (off) . 0 Ves (an) - 
Modes of Depletion and Enhancement only. 
operation: enhancement. 
Commonly Gate bias Gate bias 
used bias Self bias Voltage-divider bias 
circuits: Voltage-divider bias Drain-feedback bias 
Zero bias 
1. AJFET has three terminals, namely ....... (i) diode (ii) pentode 
(i) cathode, anode, grid (iii) triode (iv) tetrode 
(ii) emitter, base, collector 3. AJFET 1s also called ....... transistor. 
(iii) source, gate, drain (@@) unipolar Gi) bipolar 
(iv) none of the above (ii) unijunction (iv) none of the above 


2. AJFET 1s similar in operation to ....... valve. 4. AJFET 1s a....... driven device. 


(i) current 
(ii) voltage 
(iii) 
(iv) none of the above 
5. The gate of a JFET 1s ....... biased. 
(i) reverse 


both current and voltage 


(ii) forward 
(iii) reverse as well as forward 
(iv) none of the above 


6. The input impedance of a JFET 1s ....... that 
of an ordinary transistor. 


(ii) less than 
(iv) none of the above 


(7) equal to 
(iii) more than 
7. Ina p-channel JPET, the charge carriers are 


(i) electrons 

(ii) holes 
(iii) both electrons and holes 
(iv) none of the above 


8. When drain voltage equals the pinch-off volt- 
age, then drain current ....... with the increase 
in drain voltage. 


(i) decreases 
(ii) increases 
(iii) remains constant 
(iv) none of the above 


9. If the reverse bias on the gate of a JFET 1s 
increased, then width of the conducting chan- 
nel ....... 


(i) 1s decreased 
(ii) 1S increased 
remains the same 

(iv) none of the above 
10. A MOSFET has ....... terminals. 
(i) two (ii) five 
(ii) four (iv) three 
11. A MOSFET can be operated with ....... 
(i) negative gate voltage only 
(ii) positive gate voltage only 
(iii) positive as well as negative gate voltage 
(iv) none of the above 
12. AJFET has ....... power gain. 
(7) small 
(iii) very small 


Gi) very high 
(iv) none of the above 
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13. The input control parameter of a JFET 1s ....... 
(i) gatevoltage (ii) source voltage 
(iii) drain voltage (iv) gate current 


14. A common base configuration of a pnp tran- 
sistor 1s analogous to ....... of aJFET. 


(i) common source configuration 
(ii) common drain configuration 
(iii) 
(iv) none of the above 
15. A JFET has high input impedance because 


common gate configuration 


(i) itis made of semiconductor material 
(ii) input is reverse biased 

of impurity atoms 

none of the above 


16. In a JFET, when drain voltage is equal to 
pinch-off voltage, the depletion layers ....... 


(i) almost touch each other 
(ii) have large gap 
(iii) have moderate gap 
(iv) none of the above 
17. In aJFET, [5,18 known as .............. 
(i) drain to source current 
(ii) drain to source current with gate shorted 
(iii) drain to source current with gate open 
(iv) none of the above 
18. The two important advantages of aJFET are 


(i) high input impedance and square-law 
property 
(ii) inexpensive and high output impedance 
low input impedance and high output 
impedance 
(iv) none of the above 
| Seo has the lowest noise-level. 
(i) tnode (ii) ordinary transistor 
(iii) tetrode (iv) JFET 
20. AMOSFET is sometimes called ....... JFET. 
(i) many gate (ii) open gate 
(iii) insulated gate (iv) shorted gate 
21. Which of the following devices has the high- 
est input impedance ? 


(i) JFET 
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Gi) MOSFET 
(iii) crystal diode 
(iv) ordinary transistor 


22. A MOSFET uses the electric field of a ....... 
to control the channel current. 


(ii) battery 
(iii) generator (iv) none of the above 
23. The pinch-off voltage in a JFET is analo- 


(i) capacitor 


gous to ....... voltage in a vacuum tube. 
(i) anode 
(ii) cathode 
(ii) grid cut off 
(iv) none of the above 
24. The formula for a.c. drain resistance of a 
DBT WS testes 
AV, 
(i) A me at constant I"., 
AV, 
(ii) A i at constant I, 
a De he tant 1” 
(iii) a. CLReas ans 
Aly 
(iv) AV ing at constant J’... 
25. In class A operation, the input circuit of a 
JFET 1S scccesccsine: biased. 
(i) forward (ii) reverse 
(iii) not (iv) none of the above 


26. If the gate of a JFET is made less negative, 
the width of the conducting channel ....... 


(i) remains the same 
(ii) 1s decreased 
(iii) 18 increased 
(iv) none of the above 
27. The pinch-off voltage of aJFET 1s about ....... 


@) 5V (i) 0.6 V 
Gii) 1S V (iv) 25 V 
28. The input impedance of a MOSFET 1s of the 
order of «0.0.0.0... 
(i) Q (ii) afew hundred Q 
(ii) kQ (iv) several M Q 
29. The gate voltage in a JPET at which drain 
current becomes zero 1s called .............. volt- 
age. 


(i) saturation Gi) pinch-off 


(iii) active (iv) cut-off 
30. The drain current J, in a JFET is given by 


2 
Gi dae Tee C + se 


ey 
Gi) P21 C Fs He 


31. InaFEFT, there are ............... pnyjunctions at 
the sides. 
(i) three (ii) four 
(iii) five (iv) two 


32. The transconductance of aJFET ranges from 


(@) 100 to 500 mA/V 
Gi) 500 to 1000 mA/V 
(ii) 0.5 to 30 mA/V 
(iv) above 1000 mA/V 


33. The source terminal of a JFET corresponds 
TOR gate tetas of a vacuum tube. 


(i) plate (ii) cathode 
(ii) grid (iv) none of the above 
34. The output characteristics of aJ/FET closely 


resemble the output characteristics of a 
sous valve. 


(i) pentode (ii) tetrode 
(iii) triode (iv) diode 
35. If the cross-sectional area of the channel in 
n-channel JPET increases, the drain current 


(i) 1S increased 
(ii) 1s decreased 
remains the same 
(iv) none of the above 
36. The channel of a JFET is between the 


(i) gate and drain 
(ii) drain and source 
(iii) gate and source 
(iv) input and output 
37. For )’.=0 V, the drain current becomes con- 


stant when J, exceeds ............... 
(i) cut off Gi) Vp 
@iii) V, (iv) OV 
38. A certain JFET data sheet gives Vostopy = 
—4 V. The pinch-off voltage I, is ............. 
@) +4V Gi) -4V 
(iii) dependent on I,, 
(iv) data insufficient 
39. The constant-current region of a JFET lies 
between ............... 
(i) cut off and saturation 
Gi) cut off and pinch-off 
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44. A certain p-channel E-MOSFET has aJ’o, (th) 
= —2V. If }..= OV, the drain current is ......... 


@) OmA (i) Ip Cony 

(iii) maximum (iv) Tos 

45. In a common-source JFET amplifier, the 

output voltage 1s 0.0... 
(7) 180° out of phase with the input 

(ii) in phase with the input 

(iii) 90° out of phase with the input 

(iv) taken at the source 


46. In a certain common-source D-MOSFET 
amplifier, J”, = 3.2 V r.m.s. and Vs — 280 


mV r.m.s. The voltage gain is............... 
(i) | Gi) 11.4 
(iii) 8.75 (iv) 3.2 
47. In a certain CS JFET amplifier, R, = 1 kQ, 
R= 560Q, 175, = 10 V and g,, = 4500 us. If 
the source resistor is completely bypassed, 
the voltage gain 1s............... 
(i) 450 
(iii) 2.52 (iv) 4.5 
48. A certain common-source JPET has a volt- 
age gain of 10. If the source bypass capaci- 
tor 1s removed, ..........00..e cee 


(i) the voltage gain will increase 
(ii) the transconductance will increase 
(iii) the voltage gain will decrease 
(iv) the Q-point will shift 
49. A CS JFET amplifier has a load resistance 


Gii) Oand Ingo 
(iv) pinch-off and breakdown 
40. At cut-off, the JPET channel is ............... 
(i) atits widest point 
(ii) completely closed by the depletion 
region 
(iii) extremely narrow 
(iv) reverse biased 
41. AMOSFET differs from a JFET mainly be- 


(i) of power rating 

(ii) the MOSFET has two gates 
(iii) the JFET has a pn junction 
(iv) none of above 


42. Acertain D-MOSFET 1s biased at I,.= OV. 
Its data sheet specifies J,.. = 20 mA and 


y’ = — 5V. The value of the drain cur- 
ey er of 10 kQ and Rp, = 820Q. If g, = 5 mS and 
een ee . = mV, the output signal voltage is ... 
@) 20mA (Gi) OMA si 500 mV, th p gnal voltag 
(iii) 40 mA (iv) 10mA Cee y ey 
(ii) OS V (iv) 1.89 V 


43. An n-channel D-MOSFET with a positive 
Vag 1S operating 1M ............... 


(i) the depletion-mode 
(ii) the enhancement-mode 
(iii) cut off (iv) saturation 


50. If load resistance in Q. 49 is removed, the 
output voltage will ............... 


(i) increase (ii) decrease 
(iii) stay the same (iv) be zero 


Answers to Multiple-Choice Questions 


+ Gi) « @) 4. (ii) 
« (Gi) « (i) « @) 

» ai) = Ub) A. (iii) 
. ti) = » (iv) 
s i) . (iil) oUF) 

s (i) « Gy) » Ge) 
» (iii) » Us) as 

. (iii) x tf) s by) 
- ) » Le) » 

. (iv) (117) . (iv) 
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Chapter Review Topics 


Explain the construction and working of a JFET. 
What is the difference between a JFET and a bipolar transistor ? 
How will you determine the drain characteristics of JFET ? What do they indicate? 
Define the JFET parameters and establish the relationship between them. 
Briefly describe some practical applications of JFET. 
Explain the construction and working of MOSFET. 
Write short notes on the following : 
(i) Advantages of JFET (ii) Difference between MOSFET and JFET 


Problems 
A JFET has a drain currentof5 mA. IfJ,.. = 10 mA and Vascop) is — 6 V, find the value of (7) V’., 
and (ii) V’p. [@ —-1.5 V (ii) 6 V] 
AJFET has anI,., of 9 mA and al’,, (off) of —3V. Find the value of drain current when I’,.=—1.5V. 


[2.25mA] 


. Inthe JFET circuit shown in Fig. 19.64 if J, = 1.9 mA, find V’,, and V’p.. [ — 1.56V; 13.5V] 


+24V +20 V 


10 MQ 


Fig. 19.64 Fig. 19.65 
For the JFET amplifier shown in Fig. 19.65, draw the d.c. load line. 
+ Vpp + Vop 
+ Vop 
Rp | Ry 


(i) (it) (iii) 
Fig, 19.66 
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S. For aJFET, Ip og = 9 mA and J’... = —3.5 V. Determine J, when (i) V4, = 0 V (ii) Vo, = — 2V. 
[@) 9mA (ii) 1.65 mA] 
6. Sketch the transfer curve for a p-channel JFET with I... = 4 mA and I, = 3 V. 
7. Ina D-MOSFET, determine I,,,.., given 1, = 3 mA, Vo = —2V and Vos (of) ~~ 10V. [4.69 mA] 
8. Determine in which mode each D-MOSFET in Fig. 19.66 is biased. 
[@ Depletion (7) Enhancement (iii) Zero bias] 
9. Determine I’,, for each circuit in Fig. 19.67. Given [,.. = 8 mA. [@) 4V Gi) 5.4V Gai) — 4.52V] 


Vop Vop Vop 
+12V +15V -9V 
1kQ]Vkp 12kQ2Rp 560 NS Kp 
10MQ 2g 10MQ 2kz 10MQ 2k 
(7) (i) (ui) 
Fig. 19.67 
10. Ifa50mVr.m-s. input signal is applied to the amplifier in Fig. 19.68, what is the peak-to-peak output 
voltage? Given that g, = 5000 US. [920 mV] 
Vop 
+12V 


R,=10 kQ 


Fig. 19.68 


Discussion Questions 


. Why 1s the input impedance of JFET more than that of the transistor ? 
. What is the importance of JFET ? 


. Why is JFET called unipolar transistor ? 
. Whats the basic difference between D-MOSFET and E-MOSFET ? 
. What was the need to develop MOSFET ? 
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INTRODUCTION 


he silicon controlled rectifier (abbreviated as SCR) is a three-terminal semiconductor switching 

: device which is probably the most important circuit element after the diode and the transis 

tor. Invented in 1957, an SCR can be used as a controlled switch to perform various functions 

such as rectification, inversion and regulation of power flow. The SCR has assumed paramount 

importance in electronics because it can be produced in versions to handle currents upto several 
thousand amperes and voltages upto more than | kV. 


The SCR has appeared 1n the market under different names such as thyristor, thyrode transistor. 
It is a unidirectional power switch and is being extensively used 1n switching d.c. and a.c., rectifying 
a.c. to give controlled d.c. output, converting d.c. into a.c. etc. In this chapter, we shall examine the 
various characteristics of silicon controlled rectifiers and their increasing applications in power elec- 
tronics. 
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20.1 Silicon Controlled Rectifier (SCR) 


A silicon *controlled rectifier is a semiconductor **device that acts as a true electronic switch. It can 


A 


GATE (G) 


K 
(i) (ii) 
Fig. 20.1 


change alternating current into direct current and at the same time can control the amount of power 
fed to the load. Thus SCR combines the features of a rectifier and a transistor. 


Constructional details. When a pn junction is added to a junction transistor, the resulting three 
pn junction device is called a silicon controlled rectifier. Fig. 20.1 (i) shows its construction. It is 
clear that it is essentially an ordinary rectifier (pn) and a junction transistor (npn) combined in one 
unit to form pnpn device. Three terminals are taken; one from the outer p-type material called anode 
A, second from the outer n-type material called cathode K and the third from the base of transistor 
section and is called gate G. Inthe normal operating conditions of SCR, anode is held at high positive 
potential w.rt. cathode and gate at small positive potential w.rt. cathode. Fig. 20.1 (ii) shows the 
symbol of SCR. 

The silicon controlled rectifier 1s a solid state equivalent of thyratron. The gate, anode and 
cathode of SCR correspond to the grid, plate and cathode of thyratron. For this reason, SCR is 
sometimes called thyristor. 


Typical SCR Packages 


20.2 Working of SCR 


In a silicon controlled rectifier, load is connected in series with anode. The anode is always kept at 

positive potential wrt. cathode. The working of SCR can be studied under the following two heads: 

* Why not germanium controlled rectifier ? The device is made of silicon because leakage current in 
silicon is very small as compared to germanium. Since the device is used as a switch, it will carry leakage 
current in the off condition which should be as small as possible. 


** It got this name because it is a silicon device and 1s used as a rectifier and that rectification can be con- 
trolled. 
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(i) When gate is open. Fig. 20.2 shows the SCR circuit with gate open i.e. no voltage applied 
to the gate. Under this condition, junction J, is reverse biased while junctions J, and J, are forward 
biased. Hence, the situation in the junctions J, and J, is just as in a npn transistor with base open. 
Consequently, no current flows through the load R, and the SCR is cut off. However, if the applied 
voltage is gradually increased, a stage is reached when * reverse biased junction J, breaks down. The 
SCR now conducts ** heavily and 1s said to be in the ON state. The applied voltage at which SCR 
conducts heavily without gate voltage 1s called Breakover voltage. 


NO 
VOLTAGE 


NO VOLTAGE 


Fig. 20.2 


(ii) When gate is positive w.r.t. cathode. The SCR can be made to conduct heavily at smaller 
applied voltage by applying a small positive potential to the gate as shown in Fig. 20.3. Now junction 
J, is forward biased and junction J, is reverse biased. The electrons from n-type material start mov- 
ing across junction J, towards left whereas holes from p-type towards the right. Consequently, the 
electrons from junction J, are attracted across junction J, and gate current starts flowing. As soon as 
the gate current flows, anode current increases. The increased anode current in turn makes more 
electrons available at junction J,. This process continues and in an extremely small time, junction J, 
breaks down and the SCR starts conducting heavily. Once SCR starts conducting, the gate (the 
reason for this name is obvious) loses all control. Even if gate voltage is removed, the anode current 
does not decrease at all. The only way to stop conduction (i.e. bring SCR in off condition) 1s to reduce 
the applied voltage to zero. 


* The whole applied voltage V appears as reverse bias across junction J, as junctions J, and J, are forward 
biased. 
** Because J, and J, are forward biased and J, has broken down. 
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Conclusion. The following conclusions are drawn from the working of SCR : 


(i) An SCR has two states i.e. either it does not conduct or it conducts heavily. There is no state 
inbetween. Therefore, SCR behaves like a switch. 


(ii) There are two ways to turn on the SCR. The first method is to keep the gate open and make 
the supply voltage equal to the breakover voltage. The second method 1s to operate SCR with supply 
voltage less than breakover voltage and then turn it on by means of a small voltage (typically 1.5 V, 
30 mA) applied to the gate. 


(iii) Applying small positive voltage to the gate 1s the normal way to close an SCR because the 
breakover voltage 1s usually much greater than supply voltage. 


(iv) To open the SCR (i.e. to make it non-conducting ), reduce the supply voltage to zero. 


20.3 Equivalent Circuit of SCR 


The SCR shown in Fig. 20.4 (i) can be visualised as separated into two transistors as shown in 


(i) (ii) (iii) 
Fig. 20.4 


Fig. 20.4 (ii). Thus, the equivalent circuit of SCR is composed of pnp transistor and npn transistor 
connected as shown in Fig. 20.4. (iii). It1s clear that collector of each transistor is coupled to the base 
of the other, thereby making a positive feedback loop. 


The working of SCR can be easily explained from 
its equivalent circuit. Fig. 20.5. shows the equiva- 
lent circuit of SCR with supply voltage V and load 
resistance R,. Assume the supply voltage V is less 
than breakover voltage as is usually the case. With 
gate open (i.e. switch S open), there is no base cur- 
rent in transistor T,. Therefore, no current flows in 
the collector of T, and hence that of T,. Under such 
conditions, the SCR is open. However, if switch Sis 
closed, a small gate current will flow through the base 
of T, which means its collector current will increase. 
The collector current of T, is the base current of T,. 
Therefore, collector current of T, increases. But col- Fig. 20.5 
lector current of T, 1s the base current of T,. This 
action 1s accumulative since an increase of current in 
one transistor causes an increase of current in the other transistor. As a result of this action, both 
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transistors are driven to saturation, and heavy current flows through the load R,. Under such condi- 
tions, the SCR closes. 


20.4 Important Terms 


The following terms are much used in the study of SCR : 
(i) Breakover voltage (ii) Peak reverse voltage 
(iii) Holding current (iv) Forward current rating 
(v) Circuit fusing rating 
(i) Breakover voltage. It is the minimum forward voltage, gate being open, at which SCR 
starts conducting heavily t.e. turned on. 


Thus, if the breakover voltage of an SCR 1s 200 V, it means that it can block a forward voltage 
(i.e. SCR remains open) as long as the supply voltage 1s less than 200 V. If the supply voltage is more 
than this value, then SCR will be turned on. In practice, the SCR 1s operated with supply voltage less 
than breakover voltage and it is then turned on by means of a small voltage applied to the gate. 
Commercially available SCRs have breakover voltages from about 50 V to 500 V. 


(1) Peak reverse voltage (PRV). It is the maximum reverse voltage (cathode positive w.rt. 
anode) that can be applied to an SCR without conducting in the reverse direction. 


Peak reverse voltage (PRV) is an important consideration while connecting an SCR in an a.c. 
circuit. During the negative half of a.c. supply, reverse voltage is applied across SCR. If PRV is 
exceeded, there may be avalanche breakdown and the SCR will be damaged if the external circuit 
does not limit the current. Commercially available SCRs have PRV ratings upto 2.5 kV. 


(iii) Holding current. /t is the maximum anode current, gate being open, at which SCR is 
turned off from ON conditions. 


As discussed earlier, when SCR is in the conducting state, it cannot be turned OFF even if gate 
voltage is removed. The only way to turn off or open the SCR is to reduce the supply voltage to 
almost zero at which point the internal transistor comes out of saturation and opens the SCR. The 
anode current under this condition is very small (a few mA) and 1s called holding current. Thus, 1f an 
SCR has a holding current of 5mA, it means that if anode current 1s made less than SmA, then SCR 
will be turned off. 


(iv) Forward current rating. Jt is the maximum anode current that an SCR is capable of 

passing without destruction. 

Every SCR has a safe value of forward current which it can conduct. If the value of current 
exceeds this value, the SCR may be destroyed due to intensive heating at the junctions. For example, 
if an SCR has a forward current rating of 40A, it means that the SCR can safely carry only 40 A. Any 
attempt to exceed this value will result in the destruction of the SCR. Commercially available SCRs 
have forward current ratings from about 30A to 100A. 


(v) Circuit fusing (I’t) rating. [tis the product of square of forward surge current and the time 
of duration of the surge i.e., 
Circuit fusing rating = It 

The circuit fusing rating indicates the maximum forward surge current capability of SCR. For 
example, consider an SCR having circuit fusing rating of 90 A’s. If this rating is exceeded in the SCR 
circuit, the device will be destroyed by excessive power dissipation. 

Example 20.1. An SCR has a breakover voltage of 400 V, a trigger current of 10 mA and 
holding current of 10 mA. What do you infer from it ? What will happen if gate current is made 
15 mA ? 


Solution. (@) Breakover voltage of 400 V. It means that if gate is open and the supply voltage 1s 
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400 V, then SCR will start conducting heavily. However, as long as the supply voltage is less than 
400 V, the SCR stays open i.e. it does not conduct. 

(ii) Trigger current of 10 mA. It means that if the supply voltage 1s less than breakover voltage 
(i.e. 400 V) and a minimum gate current of 10 mA 1s passed, the SCR will close i.e. starts conducting 
heavily. The SCR will not conduct if the gate current is less than 10 mA. It may be emphasised that 
triggering 1s the normal way to close an SCR as the supply voltage is normally much less than the 
breakover voltage. 

(iii) Holding current of 10 mA. When the SCR is conducting, it will not open (i.e. stop conduct- 
ing) even if triggering current is removed. However, if supply voltage is reduced, the anode current 
also decreases. When the anode current drops to 10 mA, the holding current, the SCR is turned off. 


(iv) If gate current is increased to 15 mA, the SCR will be turned on lower supply voltage. 


Example 20.2. An SCR ina circuit is subjected toa 50A surge that lasts for 12 ms. Determine 
whether or not this surge will destroy the device. Given that circuit fusing rating is 90 A’s. 

Solution. Circuit fusing rating = rt= (50)° x (12 x 10°) = 30 A’s 

Since this value is well below the maximum rating of 90 A’s, the device will not be destroyed. 


Example 20.3. An SCR has a circuit fusing rating of 50A°s. The device is being used in a circuit 
where it could be subjected to a 100 A surge. Determine the maximum allowable duration of such a 
surge. 


2 . 
Solution. ba a 
5 


= 9 =5 x107s = Sms 

(100) 

Example 20.4. A 220Q resistor is connected in series with the gate of an SCR as shown in Fig. 
20.6. The gate current required to fire the SCR is 7mA. What is the input voltage (V,,,) required to fire 
the SCR ? 


Solution. The input voltage must overcome the junction voltage 
between the gate and cathode (0.7 V) and also cause 7mA to flow through 
the 220Q resistor. According to Kirchhoff’s voltage law, V,, is given by; 


where J, = known value of surge current 


bnax 


Vin = Vox + 1GR 
= 0.7V + (7mA) (220Q) = 2.24V 220Q 
‘ ' V,, 
20.5 V-l Characteristics of SCR m R Ig 
Itis the curve between anode-cathode voltage (V) and anode current (J) 
of an SCR at constant gate current. Fig. 20.7 shows the V-/ characteris- Fig. 20.6 


tics of a typical SCR. 


(i) Forward characteristics. When anode is positive w.rt. cathode, the curve between V and / is 
called the forward characteristic. In Fig. 20.7, OABC is the forward characteristic of SCR at I, = 0. 
If the supply voltage is increased from zero, a point is reached (point A) when the SCR starts conduct- 
ing. Under this condition, the voltage across SCR suddenly drops as shown by dotted curve AB and 
most of supply voltage appears across the load resistance R,. If proper gate current 1s made to flow, 
SCR can close at much smaller supply voltage. 

(ii) Reverse characteristics. When anode is negative w.rt. cathode, the curve between V and / is 
known as reverse characteristic. The reverse voltage does come across SCR when it is operated with 
a.c. supply. If the reverse voltage is gradually increased, at first the anode current remains small (i.e. 
leakage current) and at some reverse voltage, avalanche breakdown occurs and the SCR starts con- 
ducting heavily in the reverse direction as shown by the curve DE. This maximum reverse voltage at 
which SCR starts conducting heavily 1s known as reverse breakdown voltage. 
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ON STATE 


BREAKOVER 
VOLTAGE 


AVALANCHE 
BREAKDOWN 
E —l 

Fig. 20.7 


20.6 SCR in Normal Operation 


In order to operate the SCR in normal operation, the following points are kept in view : 
(i) The supply voltage is generally much less than breakover voltage. 


(ii) The SCR 1s turned on by passing an appropriate amount of gate current (a few mA) and not 
by breakover voltage. 

(iii) When SCR is operated from a.c. supply, the peak reverse voltage which comes during 
negative half-cycle should not exceed the reverse breakdown voltage. 

(iv) When SCR is to be tumed OFF from the ON state, anode current should be reduced to 
holding current. 


(v) If gate current is increased above the required value, the SCR will close at much reduced 
supply voltage. 


20.7 SCR as a Switch 


The SCR has only two states, namely; ON state and OFF state and no state inbetween. When appro- 
priate gate current is passed, the SCR starts conducting heavily and remains in this position indefi- 
nitely even if gate voltage is removed. This corresponds to the ON condition. However, when the 
anode current is reduced to the holding current, the SCR is turned OFF. It 1s clear that behaviour of 
SCR is similar to amechanical switch. As SCR 1s an electronic device, therefore, it is more appropri- 
ate to call it an electronic switch. 


Advantages of SCR as a switch. An SCR has the following advantages over a mechanical or 
electromechanical switch (relay) : 


(i) Ithasno moving parts. Consequently, it gives noiseless operation at high efficiency. 
(ii) The switching speed 1s very high upto 10° operations per second. 


(iii) It permits control over large current (30—100 A) 1n the load by means of a small gate current 
(a few mA). 


(iv) It has small size and gives trouble free service. 


20.8 SCR Switching 


We have seen that SCR behaves as a switch i.e. it has only two states viz. ON state and OFF state. It 
is profitable to discuss the methods employed to turn-on or turn-off an SCR. 
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1. SCR turn-on methods. In order to turn on the SCR, the gate voltage V,, 1s increased upto 
a minimum value to initiate triggering. This minimum value of gate voltage at which SCR is turned 
ON 1s called gate triggering voltage V,,. The resulting gate current 1s called gate triggering current 
7. Thus to turn on an SCR all that we have to do is to apply positive gate voltage equal to Vor pass 
a gate current equal to/,,.,. For most of the SCRs, V,,=2 to 10 V and/J,,= 100 pAto 1500 mA. We 
shall discuss two methods to turn on an SCR. 


Fig. 20.8 


(i) D.C. gate trigger circuit. Fig. 20.8 shows a typical circuit used for triggering an SCR with 
ad.c. gate bias. When the switch is closed, the gate receives sufficient positive voltage (= V,,,) to tum 
the SCR on. The resistance R, connected in the circuit provides noise suppression and improves the 
turn-on time. The turn-on time primarily depends upon the magnitude of the gate current. The higher 
the gate-triggered current, the shorter the turn-on time. 


DEVICE FIRES HERE 


(ii) 


Fig. 20.9 


(ii) A.C. trigger circuit. An SCR can also be turned on with positive cycle of a.c. gate current. 
Fig. 20.9 (ii) shows such a circuit. During the positive half-cycle of the gate current, at some point J, 
= I 7, the device is turned on as shown in Fig. 20.9 (@). 

2. SCR turn-off methods. The SCR tum-off poses more problems than SCR turn-on. It is 
because once the device is ON, the gate loses all control. There are many methods of SCR turn-off but 
only two will be discussed. 
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(i) Anode current interruption. When the anode current is reduced below a minimum value 
called holding current, the SCR turns off. The simple way to turn off the SCR is to open the line 
switch S as shown in Fig. 20.10. 

(ii) Forced commutation. The method of discharging a capacitor in parallel with an SCR to 
turn off the SCR is called forced commutation. Fig. 20.11 shows the forced commutation of SCR 
where capacitor C performs the commutation. Assuming the SCRs are switches with SCR1 ON and 
SCR2 OFF, current flows through the load and C as shown in Fig. 20.11. When SCR2 1s triggered on, 
Cis effectively paralleled across SCR1. The charge on Cis then opposite to SCR1’s forward voltage, 
SCR1 is thus turned off and the current 1s transferred to R-SCR2 path. 


S 


Fig. 20.10 Fig. 20.11 


20.9 SCR Half-Wave Rectifier 


One important application of an SCR is the controlled half-wave rectification. Fig. 20.12 (i) shows 
the circuit of an SCR half-wave rectifier. The a.c. supply to be rectified is supplied through the 
transformer. The load resistance R, 1s connected in series with the anode. A variable resistance r is 
inserted in the gate circuit to control the gate current. 


Ry l 
A.C. ; 
SUPPLY A G 
(i) 


Fig. 20.12 


QO}; a oO 


(11) 


Operation. The a.c. supply to be converted into d.c. supply 1s applied to the primary of the 
transformer. Suppose the peak reverse voltage appearing across secondary 1s less than the reverse 
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breakdown voltage of the SCR. This condition ensures that SCR will not break down during negative 
half-cycles of a.c. supply. The circuit action is as follows : 


(i) During the negative half-cycles of a.c. voltage appearing across secondary, the SCR does not 
conduct regardless of the gate voltage. It is because in this condition, anode 1s negative w.rt. cathode 
and also PRV 1s less than the reverse breakdown voltage. 


(ii) The SCR will conduct during the positive half-cycles provided proper gate current is made 
to flow. The greater the gate current, the lesser the supply voltage at which SCR is turned ON. The 
gate current can be changed by the variable resistance r as shown in Fig. 20.12 (i). 


(ii) Suppose that gate current is adjusted to such a value that SCR closes at a positive voltage V, 
which is less than the peak voltage V_. Referring to Fig. 20.12 (ii), it is clear that SCR will start 
conducting when secondary a.c. voltage becomes V, in the positive half-cycle. Beyond this, the SCR 
will continue to conduct till voltage becomes zero at which point it is turned OFF. Again at the start 
of the next positive half-cycle, SCR will start conducting when secondary voltage becomes V,. 


(iv) Referring to Fig. 20.12 (ii), 1t is clear that firing angle is & i.e. at this angle in the positive 
half-cycle, SCR starts conduction. The conduction angle is 6 (= 180° — a). 


It is worthwhile to distinguish between an ordinary half-wave rectifier and SCR half-wave recti- 
fier. Whereas an ordinary half-wave rectifier will conduct full positive half-cycle, an SCR half-wave 
rectifier can be made to conduct full or part of a positive half-cycle by proper adjustment of gate 
current. Therefore, an SCR can control power fed to the load and hence the name controlled rectifier. 

Mathematical treatment. Referring to Fig. 20.12 (@), let v = V,, sin © be the alternating volt- 
age that appears across the secondary. Let o be the firing angle. It means that rectifier will conduct 
from o to 180° during the positive half-cycles. 


180° y 180° 
Average output, VF = | V,, snQ@d0@ = ors | sin 8 dO 
104 a 
= i [— cos ef 
V 
= —" (cos a — cos 180°) 
21 
V. 
V,, = Bie (1 + cos a) 
Vw Vis 
Average current, an ee (1+ Cos Of) 
Vb L 


The following points may be noted : 


(1) Ifthe firing angle a = 0°, then full positive half-cycle will appear across the load R, and the 
output current becomes : 


V V. 
I= m_d+ 0°?) = 
ae 2 R, EES) 71 R, 


This is the value of average current for ordinary half-wave rectifier. This 1s expected since the 
full positive half-cycle is being conducted. 
(ii) If a= 90°, then average current is given by : 
V V 
a ™ (1+ cos 90°) = — 
v 27 R, ea 27 R, 


This shows that greater the firing angle o, the smaller 1s the average current and vice-versa. 


564 @ Principles of Electronics 


Example 20.5. A half-wave rectifier circuit employing an SCR is adjusted to have a gate cur- 
rent of ImA. The forward breakdown voltage of SCR is 100 V for I, = ImA. If a sinusoidal voltage of 
200 V peak is applied, find : 

(1) firing angle (ti) conduction angle (iii) average current. 


Assume load resistance = 100Q and the holding current to be zero. 


Solution. v = V_ sin 0 
Here, v = 100V, V,=200V 
(i) .. 100 = 200 sin 0 
100 
06 = — =05 
or sin 700 


# 0 = sin (0.5) = 30° ie. Firing angle, a = 0 = 30° 
(ii) Conduction angle, 6 = 180°-—a = 180° - 30° = 150° 


V 
(iii) Average voltage = ~ (+cosa) = 2221 +00830°) = 59.25V 
21 21 
Average current = pveiee oles ae 0.5925 A 
R, 100 


Example 20.6. An SCR half-wave rectifier has a forward breakdown voltage of 150 V when a 
gate current of I mA flows in the gate circuit. If a sinusoidal voltage of 400 V peak is applied, find: 
(i) firing angle (ti) average output voltage 
(tit) average current for a load resistance of 2002 (iv) power output 


Assume that the gate current is ImA throughout and the forward breakdown voltage is more 
than 400 V when I = I mA. 


Solution. Vv, = 400V, v = 150 V, R, = 200 Q 
(1) Now v= V_sin® 
or sing = % = 1% ~ 0375 
V,, 400 
i.e. firing angle, a (= 9) = sin 0.375 = 22° 


(ii) Average output voltage 1s 


A o, _ 400 as 
Vo= Ae Ut 008 22°) = a ([+ cos 22°) = 122.6 V 


average output voltage 122.6 


(ui) Average current, Ly = oo = — = 0.613 A 
R, 200 
(iv) Output power = V_ xl = 122.6x0.613 = 75.15 W 


Example 20.7. An a.c. voltage v = 240 sin314 t is applied to an SCR half-wave rectifier. If the 
SCR has a forward breakdown voltage of 180 V, find the time during which SCR remains off. 


Solution. The SCR will remain off till the voltage across it reaches 180 V. This is shown 1n Fig. 
20.13. Clearly, SCR will remain off for t second. 

Now v= Vi sin3l4t 
180 V; V, = 240 V 
240 sin (314 2) 


Here Vv 
180 
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180 _ 
or sin3l4¢ = 30 = 0.75 v 
or 3141 = sin’! (0.75) v = 240 sin 314 ¢ 
= 48.6° = 0.848 radian 
t= ra = 0.0027 sec 


2.7 millisecond 


Example 20.8. In an SCR half-wave rectifier circuit, 
what peak-load current will occur if we measure an aver- 


}¢—_ 


age (d.c.) load current of IA at a firing angle of 30° ? Fig. 20.13 
Solution. Let J, be the peak load current. 
V 
= —"-(+ 
Now, I. ORR, (1 + cos O) 
I V 
= agp (I + COS 1) Cdn = RD 
2n 1. 
I = ay 
us 1+ cos o 
Here Ly. = 1 = A330" 


m 1+ cos 30° 


Example 20.9. Power (brightness) of a LOOW, 110 V tungsten lamp is to be varied by control- 
ling the firing angle of an SCR in a half-wave rectifier circuit supplied with 110 V a.c. What r.m.s. 
voltage and current are developed in the lamp at firing angle a = 60°? 


Solution. The a.c. voltage is given by; 
v = V_ sin 0 
Let o be the firing angle as shown in Fig. 20.14. This means that the SCR will fire (i.e. start 
conducting) at 8 = a. Clearly, SCR will conduct from a to 180°. 


rm.sS. 


Tl 
E’ = =- [Vi sin? 0 dO 
21 , 
Oo 


_ 2 2 (m — &) + sin 20 
— Vi, ee 
SIU 
Em; = V, 2(m — &) + sin 20 
| 87 Fig. 20.14 
Here, V. = J2x110 = 156V; a= 60° = 2/3 


E, = 156 pate -1V 


* On carrying out the integration. 
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Comments. The load current can be decreased by increasing the firing angle. The larger the 
value of o, the smaller is the load current and vice-versa. This method of controlling power 1s very 
efficient because other methods, such as added series resistance, waste much power in the added 
control element. 


20.10 SCR Full-Wave Rectifier 


Fig. 20.15 (i) shows the circuit of SCR full-wave rectifier. Itis exactly like an ordinary centre-tap circuit 
except that the two diodes have been replaced by two SCRs. The gates of both SCRs get their 


Ig is 


A.C. 
SUPPLY 


(i) (ii) 


Fig. 20.15 


supply from two gate controls. One SCR conducts during the positive half-cycle and the other during 
the negative half-cycle. Consequently, full-wave rectified output is obtained across the load. 


Operation. The angle of conduction can be changed by adjusting the gate currents. Suppose the 
gate currents are so adjusted that SCRs conduct as the secondary voltage (across half winding) be- 
comes V,. During the positive half-cycle of a.c. across secondary, the upper end of secondary 1s 
positive and the lower end negative. This will cause SCR1 to conduct. However, the conduction will 
start only when the voltage across the upper half of secondary becomes V, as shown in Fig. 20.15 (ii). 
In this way, only shaded portion of positive half-cycle will pass through the load. 


During the negative half-cycle of a.c. input, the upper end of secondary becomes negative and 
the lower end positive. This will cause SCR2 to conduct when the voltage across the lower half of 
secondary becomes V,. It may be seen that current through the load 1s in the same direction (d.c.) on 
both half-cycles of input a.c. The obvious advantage of this circuit over ordinary full-wave rectifier 
circuit is that by adjusting the gate currents, we can change the conduction angle and hence the output 
voltage. 

Mathematical treatment. Referring to Fig. 20.15 (i), let v = V_ sin 0 be the alternating voltage 
that appears between centre tap and either end of secondary. Let a be the firing angle. 

180° 180° 


~ | v,, sin 0 do = vm [ sino ae 
TU TU 
Oo 


07 


Average output, V_, 


Vin [— cos Ca = Vin (cos & — cos 180°) 
Tl Tl 
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Vy... = Les 
Tl 


av 


This value is double that of a half-wave rectifier. It 1s expected since now negative half-cycle 1s 
also rectified. 


V V 
Average current, J, = =" = —* (1+ cos q) 


R, Tl R, 


Example 20.10. An SCR full-wave rectifier supplies to a load of 100 Q. If the peak a.c. voltage 
between centre tap and one end of secondary is 200V, find (i) d.c. output voltage and (ii) load current 
for a firing angle of 60°. 


Solution. V, = 200 V,; a = 60°; R, = 100 Q 

a _ 200 Be 

(i) D.C. output voltage, V, = (1+ cos &) = 7 (1 + cos 60°) = 95.5 V 
7 _ Via. 95.5 _ 

(ii) Load current, J, = R, = T00 = 0.955A 


Example 20.11. Power (brightness) of a 100 W, 110 V lamp is to be varied by controlling firing 
angle of SCR full-wave circuit; the rm.s. value of a.c. voltage appearing across each SCR being 
110 V. Find the r.m.s. voltage and current in the lamp at firing angle of 60°. 


Solution. Let v = V,, sin 0 be the alternating voltage that 
appears between centre tap and either end of the secondary. Let a 
be the firing angle as shown in Fig. 20.16. This means that SCR 
will conduct at 8 = o. Clearly, SCR circuit will conduct from « to 
180°. 


TU 
Bo = 4 | V. sin’ 0d0 
ae Fig. 20.16 
a 452 2(n- 0) +sin20 
= Ve ee 
At 
E -v [2 (w — &) + sin 208 
rM.s. Att 
Here V,, = HOx 2 =156V;a=60° 
E.,, = 156 eae ~98.9V 
2 
Lamp resistance, R, = are ae =121Q 
P 100 
— Ems. — 98.9 _ 
lige = R, =] =0.82A 


20.11 Single-Phase SCR Inverter Circuit 


SCR inverter provides an efficient and economical way of converting direct current or voltage into 
alternating current or voltage. In this application, SCR acts as a controlled switch, alternately opening 
and closing a d.c. circuit. Fig. 20.17 shows the basic inverter circuit. Here, a.c. voltage 1s generated 
by alternately closing and opening switches S, and S,. Replacing, the mechanical switches 


* On carrying out the integration. 
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zi a.c. Output 


d.c. input 
(E) 


Sy 


Fig. 20.17 
with SCRs, whose gates are triggered by an external pulse generator, we get the practical SCR inverter 
as shown in Fig. 20.18. 
Gate trigger 


Voltage 


+o 


d.c. input 
(E) 


Gate trigger 


Fig. 20.18 
Circuit Action 
The circuit action 1s as under : 


(i) When conduction is initiated by applying a positive trigger pulse to SCR | (SCR 2 1s as- 
sumed OFF), the voltage across SCR decreases rapidly as the current through it increases. At the 
same time, the capacitor C charges through SCR | in the polarity shown. The load current flows 
through inductor L, upper half of the transformer primary winding and SCR1. 


(ii) When a firing pulse is applied to the gate of SCR 2, this SCR turns on and conducts current. 
At this instant, capacitor C begins to discharge through SCR | and SCR 2. This discharge current 
flows through SCR | in a reverse direction. This reverse current turns off SCR1. At this time, with 
SCR | turned off, the capacitor voltage (approximately—*2E) appears across SCR | as a reverse 
voltage, long enough for this SCR to recover for forward blocking. 


Simultaneously, during this interval, conducting SCR 2 allows the capacitor to discharge through 
the transformer primary winding and inductor L. The function of L 1s to control the discharge rate of 
C to allow sufficient time for SCR | to turn OFF. Capacitor C discharges rapidly from — 2E to zero 
and then charges up in the opposite direction to + 2E. The load current is now carried through the 
second half of the transformer primary winding and SCR 2. 


(iii) When trigger pulse is applied to the gate of SCR 1, this device will conduct and SCR 2 will 
turn off by the process just described. In this way, SCR | and SCR 2 alternately turn ON and OFF. 
Consequently, a.c. output 1s obtained as shown in Fig. 20.18. 

* The capacitor voltage will charge to double the suppply voltage (£) as a result of transformer action be- 
tween the two primary windings. 
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The a.c. waveform produced by a single-phase inverter is a poor version of sine wave and would 
not be suitable for most industrial, commercial and domestic loads. More complex inverters using 
multiple SCRs and sophisticated triggering circuits are capable of generating a.c. voltages that are 
extremely close to a pure sine wave. 


20.12 Applications of SCR 


The ability of an SCR to control large currents in a load by means of small gate current makes this 
device useful in switching and control applications. Some of the important applications of SCR are 
discussed below : 


(i) SCR as static contactor. An important application of SCR is for switching operations. As 
SCR has no moving parts, therefore, when it is used as a switch, it 1s often called a static contactor. 


Fig. 20.19 


Fig. 20.19 shows the use of SCR to switch ON or OFF a.c. power to aload R,. Resistances R, and R, 
are for the protection of diodes D, and D, respectively. Resistance R, is the gate current limiting 
resistor. To start the circuit, switch is closed. During the positive half-cycle of a.c. supply, end A is 
positive and end B is negative. Then diode D, sends gate current through SCR|. Therefore SCR1 is 
turned ON while SCR2 remains OFF as its anode 1s negative w.rt. cathode. The current conduction 
by SCRI follows the path AR, K,BA. Similarly, in the next half-cycle, SCR2 is turned ON and con- 
ducts current through the load. It may be seen that switch S$ handles only afew mA of gate current to 
switch ON several hundred amperes in the load R,. This is a distinct advantage over a mechanical 
switch. 


Fig. 20.20 
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(ii) SCR for power control. It 1s often necessary to control power delivered to some load such 
as the heating element of a furnace. Series resistances or potentiometers cannot be used because they 
waste power in high power circuits. Under such conditions, silicon controlled rectifiers are used 
which are capable of adjusting the transmitted power with little waste. Fig. 20.20 shows a common 
circuit for controlling power in the load R,. During the positive half-cycle of a.c. supply, end A 1s 
positive and end B is negative. Therefore, capacitor C, is charged through AD, RC, D,B. The charge 
on the capacitor C, depends upon the value of potentiometer R. When the capacitor C, is charged 
through a sufficient voltage, it discharges through the zener Z. This gives a pulse to the primary and 
hence secondary of transformer T,,. This turns on SCR2 which conducts currents through the load R,. 
During negative half-cycle of supply, the capacitor C, is charged. It discharges through the zener and 
fires SCR1 which conducts current through the load. 


ARMATURE 


Fig. 20.21 


The angle of conduction can be controlled by the potenti- 
ometer R. The greater the resistance of R, lesser is the voltage 
across C, or C, and hence smaller will be the time during which 
SCRI and SCR2 will conduct in a full cycle. In this way, we 
can control a large power of several kW in the load R, with the 
help of a small potentiometer R. 


(iii) SCRs for speed control of d.c. shunt motor. The 
conventional method of speed control of d.c. shunt motor is to 
change the field excitation. But change in field excitation 
changes the motor torque also. This drawback is overcome in 
SCR control as shown in Fig. 20.21. Diodes D,, D,, D, and D, 
form the bridge. This bridge circuit converts a.c. into d.c. and 
supplies it to the field winding of the motor. During the posi- 
tive half-cycle of a.c. supply, SCR1 conducts because it gets 
gate current from bridge circuit as well as its anode 1s positive 
w.rt. cathode. The armature winding of the motor gets current. SCR Power Control 
The angle of conduction can be changed by varying the gate 
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current. During the negative half-cycle of a.c. sup- +Voc 
ply, SCR2 provides current to the armature winding. 

In this way, the voltage fed to the motor armature and = LIGHT Se, 

hence the speed can be controlled. ~~ 


(iv) Overlight detector. Fig. 20.22 shows the BUZZER 
use of SCR for overlight detection. The resistor R is 
a photo-resistor, a device whose resistance decreases 
with the increase in light intensity. When the light SCR 
falling on R has normal intensity, the value of R is 
high enough and the voltage across R, 1s insufficient 
to trigger the SCR. However, when R is in strong R, 
light, its resistance decreases and the voltage drop 
across R, becomes high enough to trigger the SCR. 
Consequently, the buzzer sounds the alarm. It may Fig. 20.22 
be noted that even if the strong light disappears, the 
buzzer continues to sound the alarm. It is because once the SCR 1s fired, the gate loses all control. 


(v) SCR Crowbar. A crowbar is a circuit that is used to protect a voltage-sensitive load from 
excessive d.c. power supply output voltages. Fig. 20.23 shows the SCR crowbar circuit. It consists of 
a zener diode, a gate resistor R,, and an SCR. It also contains a *snubber to prevent false triggering. 


Crowbar 


Fig. 20.23 


Operation. The circuit action is as under: 


(a) Under normal conditions, the zener diode and the SCR are OFF. With zener diode being in 
cutoff, there is no current through R,, and no voltage drop occurs across this resistor. This means that 
the gate of SCR is at OV so that the SCR 1s in the off state. Therefore, as long as zener diode 1s off, the 
SCR behaves as an open and will not affect either the d.c. power supply or the load. 


(b) Suppose the output voltage from the d.c. power supply suddenly 
increases. This causes the zener diode to break down and conduct current. 
As the current flows through the zener diode, voltage is developed across 
resistor R,, which causes the SCR to conduct current. When the SCR con- \ 
ducts, the voltage source is shorted by the SCR. The supply voltage fuse 
blows out and the load is protected from overvoltage. 


20.13 Light-Activated SCR 


The light-activated SCR (LASCR) 1s the light sensitive equivalent of the nor- 
mal SCR and is shown in Fig. 20.24. As the name suggests, its state 1s con- 
trolled by the light falling on depletion layers. In a normal SCR, gate current Fig. 20.24 


+ Vcc 


OPEN 


*  Itis an RC circuit connected between the SCR anode and cathode to eliminate false triggering. 
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turns on the device. In the *LASCR, instead of having the external gate current applied, light shinning 
on the device turns it ON. Just as anormal SCR, the LASCR will continue to conduct even if the light 
source is removed. The LASCRs find many applications including optical light controls, relays, phase 
control, motor control and a large number of computer applications. The maximum current (r.m.s.) 
and power (gate) ratings for LASCRs commercially available today are about 3A and 0.1 W. It may be 
noted that LASCR is most sensitive to light when the gate terminal is open. Its sensitivity can be 
reduced and controlled by the insertion of a gate resistor. 


Example 20.12. The SCR of Fig. 20.25 has gate trigger voltage V,= 0.7V, gate trigger current 
[,= 7 mA and holding current I, = 6 mA. 

(i) What is the output voltage when the SCR is off ? 

(ti) What ts the input voltage that triggers the SCR ? 

(iii) If Vis decreased until the SCR opens, what is the value of Vac ? 

Solution. 


(i) When the SCR is off (i.e. it is not conducting), 
there is no current through the 100Q resistor. 


Vg 7 Supply voltage V..=15V 100Q 


out 


Voc = + 15V 


(ii) The input voltage V,, must overcome V,.(=0.7V) 
and also cause 7 mA to flow through | kQ resistor. 
V,, = V-tI,R=0.7 +(7 mA) (1 kQ) 1kQ 
= 7.7V R 
(iii) In order to open the SCR, the V.¢ must be re- sy 
duced so that anode current is equal to J,,. 


ait 4] [ 


= Voo Vr 
Ho 1008 Fig. 20.25 
or Veco = C002) U,) + Vr 


= (100) (6 mA) + 0.7 = 1.3V 


Example 20.13. Jn Fig. 20.26, the SCR has a trigger voltage of 0.7 V. Calculate the supply 
voltage that turns on the crowbar. Ignore zener diode resistance. 


Fig. 20.26 


Solution. The breakdown voltage of the zener 1s 5.6V. To turn on the SCR, the voltage across 
68Q has to be equal to V, (= 0.7V). 
Vee = Vet V7=5.670.7=6.3V 


* For maximum sensitivity to light, the gate is left open. 
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When the supply voltage becomes 6.3 V, the zener breaks down and starts conducting. The 
voltage V,, (= 0.7V) across 68Q forces the SCR into conduction. When the SCR conducts, the supply 
voltage is shorted by the SCR and the fuse in the supply voltage burns out. Thus the load (100) is 
protected from overvoltage. 


Example. 20.14. The zener diode of Fig. 20.27 has a tolerance of + 10% and the trigger voltage 
can be as high as 1.5V. What is the maximum supply voltage where crowbarring takes place? 
+12 Ve 


12V 


100Q 


Fig. 20.27 


Solution. The breakdown voltage of the zener diode is 12V and it has a tolerance of + 10%. It 
means that breakdown voltage of zener can vary from 10.8V to 13.2V. Since the trigger voltage of 
SCR has a maximum value of 1.5 V, 

Maximum value of supply voltage for crowbarring 
=13.2V+15V=14.7V 


Example. 20.15. The circuit of Fig. 20.28 is in a dark room. When a 
bright light is turned on, the LASCR fires. What is the approximate output 
voltage ? If the bright light is turned off, what is the output voltage ? 

Solution. Fig. 20.28 shows a light-activated SCR, also known as a 
photo-SCR. When light falls on the device, it starts conducting and the 
output voltage is ideally, 


Vi 7 OV 
However, if we take into account anode-cathode drop, V,,,, = 0.7V. = 
When light is turned off, the LASCR stops conducting and the output Fig. 20.28 


voltage 1s equal to the supply voltage V.. ie. 
Vig = Vee=t2ov 


out 
Example 20.16. Give a simple method for 
testing an SCR. 


Solution. Fig. 20.29 shows a simple cir- 
cuit for testing an SCR. The test lamp serves two 
purposes. First, it is a visual indicator of current 
conduction. Secondly, it limits current through 
the SCR. 


(i) When switch S is closed, the lamp 
should not light for the SCR to be good. It is 
because voltage is *applied only between anode 
and cathode but there is no trigger voltage. If Fig. 20.29 
the lamp lights, the SCR 1s shorted. 


* It 1s understood that the applied voltage is less than the breakover voltage of the SCR. 
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(ii) Now touch R, momentarily between gate and anode terminals. For the SCR to be good, the 
lamp should light and *continue to light. If it does not, the SCR 1s open. 


Note that the lamp will be on at half brilliance because the SCR conducts only every other half- 


cycle. 


MULTIPLE-CHOICE QUESTIONS 


1. An SCR has ............... pn junctions. 
(i) two (ii) three 
(iii) four (iv) none of the above 


2. An SCR isa solid state equivalent of ............ 


(i) triode (ii) pentode 
(iii) gas-filled triode (iv) tetrode 
3. An SCR has............... semiconductor layers. 
(i) two (ii) three 
(iii) four (iv) none of the above 


4. An SCR has three terminals viz. ............... 
(i) cathode, anode, gate 
(ii) anode, cathode, grid 
(iii) anode, cathode, drain 
(iv) none of the above 
5. An SCR behaves as a............... switch. 
(i) unidirectional (ii) bidirectional 
(iii) mechanical (iv) none of the above 
6. An SCR is sometimes called............... 
(i) triac 
(ii) diac 
(iii) uniyunction transistor 
(iv) thyristor 
7. An SCR is made of ............... 
(i) germanium (ii) silicon 
(iii) carbon (iv) none of the above 
8. In the normal operation of an SCR, anode is 
theoretic w.rt. cathode. 
(i) at zero potential 
(ii) negative 
(iii) positive 
(iv) none of the above 
9. In normal operation of an SCR, gate is 
canaries w.rt. cathode. 
(i) positive 
negative 
at zero potential 
none of the above 


(i) arectifier and resistance 
(ii) arectifier and transistor 


(iii) arectifier and capacitor 
(iv) none of the above 
11. The control element in an SCR ts ............... 
(i) cathode (ii) anode 
(iii) anode supply (iv) gate 
12. The normal way to turn on an SCR is by 
(i) breakover voltage 
appropriate anode current 
appropriate gate current 
(iv) none of the above 
13. An SCR is turned off by ............... 
(i) reducing anode voltage to zero 
(ii) reducing gate voltage to zero 
(iii) reverse biasing the gate 
(iv) none of the above 
14. An SCRisa............... triggered device. 
(i) voltage 
(ii) current 
(iii) voltage as well as current 
(iv) none of the above 
15. In an SCR circuit, the supply voltage 1s gen- 
erally ........0.0.. that of breakover voltage. 
(i) equal to (ii) less than 
(iii) greaterthan (iv) none of the above 
16. When an SCRis turned on, the voltage across 


11S ADOUU wictcncccsicanstiancsetest 
(i) zero (ii) 1|OV 
(iii) O.1 V (iv) 1V 


17. An SCR is made of silicon and not germa- 
nium because silicon ............... 
(i) 1Sinexpensive 
(ii) 1smechanically strong 
(iii) has small leakage current 
(iv) 1s tetravalent 
18. An SCR is turned off when ............... 
(i) anode current 1s reduced to zero 
(ii) gate voltage is reduced to zero 
(iii) gate is reverse biased 
(iv) none of the above 


* Recall that once the SCR is fired by the gate voltage, it continues to conduct current even if the gate voltage 


is removed. 


19. In an SCR circuit, the angle of conduction 
can be changed by 
(i) changing anode voltage 
(ii) changing gate voltage 
(iii) reverse biasing the gate 
(iv) none of the above 
20. If firing angle in an SCR circuit is increased, 
the output 00.00.00... 
(i) remains the same 
(ii) 1S increased 
(iii) 1s decreased 
(iv) none of the above 
21. If gate current is increased, then anode-cath- 
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(i) exactly zero 
(ii) small leakage current 
(iii) large leakage current 
(iv) none of the above 
23. An SCR can exercise control over ............... 
of a.c. supply. 
(i) positive half-cycles only 
(ii) negative half-cycles only 
(iii) both positive and negative half-cycles 
(iv) positive or negative half-cycles 
24. We can control a.c. power in a load by con- 
necting ............... 


(i) two SCRs in series 


ode voltage at which SCR closes ............... (ii) two SCRs in parallel 


0 d d ° o,e 
a . ea (iii) two SCRs in parallel opposition 
(iii) remains the same (iv) none of the above 


25. When SCR starts conducting, then ............... 
loses all control. 
(1) gate 
(iii) anode 


(iv) none of the above 


22. When SCR is OFF, the current in the circuit 
(ii) cathode 


(iv) none of the above 


Answers to Multiple-Choice Questions 


. (iii) 
. (ii) 
. (iii) 
. (iii) 
. Wi 


(iii) 
(iii) 
(7) 
(i) 
(iv) 


- (i) 
- (i) 
. (ii) 
. Gb 
. (iii) 


Chapter Keview Topics 


Explain the construction and working of an SCR. 
Draw the equivalent circuit of an SCR and explain its working from this equivalent circuit. 

3. Explain the terms breakover voltage, holding current and forward current rating as used 1n connection 
with SCR analysis. 

4. Draw the V-/ characteristics of an SCR. What do you infer from them ? 

5. Explain the action of an SCR as a switch. What are the advantages of SCR switch over a mechanical 
or electro-mechanical switch ? 


6. Discuss some important applications of SCR. 


Problems 


1. An SCR has a breakover voltage of 450 V, a trigger current of 15 mA and holding current of 10 mA. 
What do you infer from it? 


2. AnSCRinacircuit is subjected to a 50 A current surge that lasts for 10 ms. Determine whether or not 
this surge will destroy the device. Given that circuit fusing rating of SCR is 90 A‘s. 


[will not be destroyed] 

3. AnSCR has a circuit fusing rating of 70 A’s. The device is being used in a circuit where it could be 
subjected to a 100 A surge. Determine the limit on the duration of such a surge. [7ms] 

4. AnSCR hasa circuit fusing rating of 60 A’s. Determine the highest surge current value that SCR can 
withstand for a period of 20 ms. [54.77A ] 
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5. 


In Fig. 20.30, what value of input voltage would be required to cause the SCR to break down if the gate 
current required for firing is 10 mA ? [3.7V] 


+12V 


300Q 
Vin 
Vi See 
Fig. 20.30 Fig. 20.31 

In Fig. 20.31, if the trigger current of the SCR is 1.5 mA, what is the input voltage that triggers the SCR? 
Given V,=0.7V. [7.3V] 
A 24V r.m.s. supply is connected to a half-wave SCR circuit that is triggered at 50°. What is the d.c. 
voltage delivered to the load ? [8.88V] 


Discussion Questions 


How does SCR differ from an ordinary rectifier ? 
Why is SCR always turned on by gate current ? 
Why SCR cannot be used as a bidirectional switch ? 
How does SCR control the power fed to the load ? 
Why are SCRs usually used in a.c. circuits? 

Name three thyristor devices. 


Why is SCR turned on by high-frequency radiation ? 
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21.1 Power Electronics 

21.2 The Triac 

21.3 Triac Construction 

21.4 SCR Equivalent Circuit of Triac 
21.5 Triac Operation 

21.6 Triac Characteristics 

21.7 Triac Phase Control Circuit 
21.8 Applications of Triac 

21.9 The Diac 
21.10 Applications of Diac 
21.11 Unijunction Transistor (UJT) 
21.12 Equivalent Circuit of a UJT 
21.13 Characteristics of UJT 
21.14 Advantages of UJT 

21.15 Applications of UJT 


INTRODUCTION 


ince the 1950’s there has been a great upsurge in the development, production and applications 
S of semiconductor devices. Today there are well over 100 million semiconductor devices manu- 
factured in a year. These figures alone indicate how important semiconductor devices have 
become to the electrical industry. In fact, the present day advancement in technology is largely 
attributed to the widespread use of semiconductor devices in the commercial and industrial fields. 
One major field of application of semiconductor devices in the recent years has been to control 
large blocks of power flowin asystem. This has led to the development of a new branch of engineer- 
ing called power electronics. The purpose of this chapter is to acquaint the readers with some impor- 
tant switching devices much used in power electronics. 


21.1 Power Electronics 


The branch of electronics which deals with the control of power at 50 Hz (i.e. supply frequency) is 
known as power electronics. 
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There are many applications where it is desired to control (or regulate) the power fed to a load 
e.g. to change the speed of a fan or motor. So far we have been using electrical methods to exercise 
such a control. However, electrical methods do not permit a *fine control over the flow of power in 
a system. Moreover, there is a considerable wastage of power. Inthe recent years, such semiconduc- 
tor devices have been developed which can exercise fine control over the flow of large blocks of 
power in a system. Such devices act as controlled switches and can perform the duties of controlled 
rectification, inversion and regulation of power in a load. The important semiconductor switching 
devices are : 


(i) Silicon controlled rectifier (SCR) (ii) Triac 
(iii) Diac (ivy) Uniunction transistor (UJT) 
The silicon controlled rectifier (SCR ) has already been discussed in the previous chapter. There- 
fore, we shall deal with the other three switching devices in the following discussion. 


21.2 The Triac 


The major drawback of an SCR 1s that it can conduct current in one direction only. Therefore, an SCR 
can only control d.c. power or forward biased half-cycles of a.c. in a load. However, in an a.c. 
system, it 1s often desirable and necessary to exercise control over both positive and negative half- 
cycles. For this purpose, a semiconductor device called triac 1s used. 


A triac is a three-terminal semiconductor switching device which can control alternating cur- 
rent in a load. 

Triac is an abbreviation for triode a.c. switch. “Tn’— indicates that the device has three terminals 
and ‘ac’ means that the device controls alternating current or can conduct current in either direction. 


The key function of a triac may be understood by referring to the simplified Fig. 21.1. The 
**control circuit of triac can be adjusted to pass the desired portions of positive and negative half- 
cycle of a.c. supply through the load R,. Thus referring to Fig. 21.1 (ii), the triac passes the positive 


OUTPUT 


(i) (ii) 
Fig. 21.1 


half-cycle of the supply from 9, to 180° i.e. the shaded portion of positive half-cycle. Similarly, the 
shaded portion of negative half-cycle will pass through the load. In this way, the alternating current 
and hence a.c. power flowing through the load can be controlled. 


Since a triac can control conduction of both positive and negative half-cycles of a.c. supply, it 1s 
sometimes called a bidirectional semi-conductor triode switch. The above action of a triac is cer- 


* For example, the speed of a ceiling fan can be changed in four to five steps by electrical method. 


**k Although it appears that ‘triac’ has two terminals, there is also third terminal connected to the control 
circuit. 
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tainly not a rectifying action (as in an *SCR ) so that the triac makes no mention of rectification 1n its 
name. 


21.3 Triac Construction 


A triac is a three-terminal, five-layer semiconductor device whose forward and reverse characteris- 
tics are indentical to the forward characteristics of the SCR. The three terminals are designated as 
main terminal MT1, main terminal M72 and gate G. 


Fig. 21.2 (i) shows the basic structure of a triac. As we shall see, a triac is equivalent to two 
separate SCRs connected in inverse parallel (i.e. anode of each connected to the cathode of the other) 
with gates commoned as shown in Fig. 21.2 (ii). Therefore, a triac acts like a bidirectional switch i.e. 
it can conduct current in either direction. This is unlike an SCR which can conduct current only in one 
direction. Fig. 21.2 (iii) shows the schematic symbol of a triac. The symbol consists of two parallel 
diodes connected in opposite directions with a single gate lead. It can be seen that even the symbol of 
triac indicates that it can conduct current for either polarity of the main terminals (MT1 and M72) i.e. 
it can act as a bidirectional switch. The gate provides control over conduction in either direction. 


MT2 MT2 
| MT2 


MT1 


MTI 
(i) (ii) (iii) 
Fig. 21.2 


The following points many be noted about the triac : 


(i) The triac can conduct current (of course with proper gate current) regardless of the polari- 
ties of the main terminals MT1 and MT2. Since there is no longer a specific anode or cathode, the 
main leads are referred to as MT1 and MT2. 


(ii) A triac can be turned on either with a positive or negative voltage at the gate of the device. 
(iii) Like the SCR, once the triac is fired into conduction, the gate loses all control. The triac can 
be turned off by reducing the circuit current to the value of holding current. 


(iv) The main disadvantage of triacs over SCRs is that triacs have considerably lower current- 
handling capabilities. Most triacs are available in ratings of less than 40A at voltages up to 600V. 


21.4 SCR Equivalent Circuit of Triac 


We shall now see that a triac is equivalent to two separate SCRs connected in inverse parallel (i.e. 
anode of each connected to the cathode of the other) with gates commoned. Fig. 21.3 (i) shows the 
basic structure of a triac. If we split the basic structure of a triac into two halves as shown in Fig. 21.3 
(ii), it 1s easy to see that we have two SCRs connected in inverse parallel. The left half in Fig. 21.3 (ii) 
consists of a pnpn device (p,n, p.n,) having three pn junctions and constitutes SCR1. Similarly, the 


* SCR isa controlled rectifier. Itis a unidirectional switch and can conduct only in one direction. Therefore, 
it can control only one half-cycle (positive or negative) of a.c. supply. 
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right half in Fig. 21.3 (di) consists of pnpn device (p,n,p,n,) having three pn junctions and constitutes 
SCR2. The SCR equivalent circuit of the triac is shown in Fig. 21.4. 


(4) MT2 


MT2 


(i) (ii) 
Fig. 21.3 


MT2 


Suppose the main terminal M72 is positive and main terminal 
MT1 1s negative. If the triac is now fired into conduction by proper 
gate current, the triac will conduct current following the path (left 
half) shown in Fig. 21.3 (ii). In relation to Fig. 21.4, the SCR1 1s 
ON and the SCR2 1s OFF. Now suppose that MT2 is negative and 
MT1 1s positive. With proper gate current, the triac will be fired 
into conduction. The current through the devices follows the path 
(right half) as shown in Fig. 21.3 (ii). In relation to Fig. 21.4, the 
SCR2 is ON and the SCR1 is OFF. Note that the triac will conduct | 
current in the appropriate direction as long as the current through MT1 
the device is greater than its holding current. Fig. 21.4 


21.5 Triac Operation 


Fig. 21.5 shows the simple triac circuit. The a.c. supply to be controlled 1s connected across the main 
terminals of triac through a load resistance R,. The gate circuit 
consists of battery, a current limiting resistor R and a switch S. The 
circuit action is as follows : 


(i) With switch S$ open, there will be no gate current and the 
triac is cut off. Even with no gate current, the triac can be turned on 
provided the supply voltage becomes equal to the breakover volt- 
age of triac. However, the normal way to turn on a triac 1s by intro- 
ducing a proper gate current. 


(ii) When switch S 1s closed, the gate current starts flowing in 
the gate circuit. In a similar manner to SCR, the breakover voltage 
of the triac can be varied by making proper gate current to flow. 
With a few milliamperes introduced at the gate, the triac will start 
conducting whether terminal M72 1s positive or negative w.rt. MT1. 
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(iii) If terminal M72 1s positive w.rt. MT1, the triac turns on and the conventional current will 
flow from MT2 to MT]. If the terminal M72 1s negative w.rt. MT1, the triac is again turned on but this 
time the conventional current flows from MT1 to MT2. 

The above action of triac reveals that it can act as an a.c. contactor to switch on or off alternating 
current to a load. The additional advantage of triac is that by adjusting the gate current to a proper 
value, any portion of both positive and negative half-cycles of a.c. supply can be made to flow through 
the load. This permits to adjust the transfer of a.c. power from the source to the load. 


Example 21.1. Draw the transistor equivalent circuit of a triac and explain its operation from 
this equivalent circuit. 


Solution. We have seen that transistor equivalent circuit of an SCR is composed of pnp transis- 
tor and npn transistor with collector of each transistor coupled to the base of the other. Since a triac is 
equivalent to two SCRs connected in inverse parallel (Refer back to Fig. 21.4), the transistor equiva- 
lent circuit of triac will be composed of four transistors arranged as shown in Fig. 21.6 (i). The 
transistors Q, and Q, constitute the equivalent circuit of SCR1 while the transistors Q, and Q, consti- 
tute the equivalent circuit of SCR2. We can explain the action of triac from its transistor equivalent 
circuit as under : 

(i) When M72 1s positive w.r.t. MT1 and appropriate gate current is allowed in the gate circuit, 
SCR1 is turned ON while SCR2 remains OFF. In terms of transistor equivalent circuit, Q, and Q, are 
forward biased while Q, and Q, are reverse biased. Therefore, transistors Q, and Q, conduct current 
as shown in Fig. 21.6 (i). Since Q, and Q, form a positive feedback, both transistors are quickly 
driven to stauration and a large current flows through the load R,. This 1s as if switch between MT2 
and MT1 were closed. 


(zi) 


Fig. 21.6 


Fig. 21.6 (ii) shows the action of triac (M72 positive w.r.t. MT1) by replacing the triac with its 
symbol. 

(ii) When MT2 is negative w.r.t. MT1 and appropriate gate current is allowed 1n the gate circuit, 
SCR2 is turned ON and SCR1 1s OFF. In terms of transistor equivalent circuit, Q, an Q, are forward 
biased while Q, and Q, are reverse biased. Therefore, transistors Q, and Q, will conduct as shown in 
Fig. 21.7 (@). As explained above, the current in load R, will quickly attain a large value. The circuit 
will behave as if a switch 1s closed between MT2 and MT1. 
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(i) 


Fig. 21.7 


Fig. 21.7 (ii) shows the action of triac (M72 negative w.r.t. MT1) by replacing the triac with its 
symbol. 


21.6 Traic Characteristics 


Fig. 21.8 shows the V-/ characteristics of a triac. Because the triac essentially consists of two 
SCRs of opposite orientation fabricated in the same crystal, its operating characteristics 1n the first 
and third quadrants are the same except for the direction of applied voltage and current flow. The 
following points may be noted from the triac characteristics : 


(i) The V-J characteristics for triac in the Ist and IIIrd quadrants are essentially identical to 
those of an SCR in the Ist quadrant. 


(ii) The triac can be operated with either positive or negative gate control voltage but in *nor- 
mal operation usually the gate voltage 1s positive in quadrant I and negative in quadrant III. 


I 


MT. 2 (+), G (4+) 
Ist Quadrant 


UIrd Quadrant 
MT. 2 (—), G (-) 


* — With this arrangement, less charge is required to turn on the triac. 
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(iii) The supply voltage at which the triac is turned ON depends upon the gate current. The 
greater the gate current, the smaller the supply voltage at which the triac is turned on. This permits to 
use a triac to control a.c. power in a load from zero to full power in a smooth and continuous manner 
with no loss in the controlling device. 


21.7 Triac Phase Control Circuit 


A *triac can be used to control the average a.c. power to a load by 
passing a portion of positive and negative half-cycles of input 
a.c. This is achieved by changing the conduction angle through 
the load. Fig. 21.9 shows the basic triac phase control circuit. 
This circuit uses a capacitor C and variable resistance R, to shift 
the phase angle of the gate signal. Because of this phase shift, the 
gate voltage lags the line voltage by an angle between 0° and 
90°. By adjusting the variable resistance R,, the conduction angle 
through the load can be changed. Thus any portion of positive 
and negative half-cycles of the a.c. can be passed through the 
load. This action of triac permits it to be used as a controlled 
** bidirectional switch. 


Fig. 21.9 


Circuit action. The operation of triac phase control circuit 1s as under : 


(i) During each positive half-cycle of the a.c., the triac is off for a certain interval, called firing 
angle & (measured in degrees) and then it is tiggered on and conducts current through the load for the 
remaining portion of the positive half-cycle, called the conduction angle 0... The value of firing angle 
a (and hence 0,.)can be changed by adjusting the variable resistance R,. If R, 1s increased, the capaci- 
tor will charge more slowly, resulting in the triac being triggered later in the cycle i.e. firing angle a 
is increased while conduction angle 0,.1s decreased. As a result, smaller a.c. power is fed to the load. 
Reverse happens if the resistance R, is decreased. 


TRIGGER 
POINT 


TRIGGER 
POINT 


Fig. 21.10 
* An SCR can only control the positive half-cycle or negative half-cycle of a.c. 
**k An SCR is a controlled unidirectional switch because it can conduct only in one direction. 
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(ii) During each negative half-cycle of the a.c., a similar action occurs except that now current in 
the load is in the opposite direction. 


Fig. 21.10 shows the waveforms of the line voltage and gate voltage. Only the shaded portion of 
the positive and negative half-cycles pass through the load. We can change the phase angle of gate 
voltage by adjusting the variable resistance R,. Thus a triac can control the a.c. power fed to a load. 
This control of a.c. power is useful in many applications such as industrial heating, lighting etc. 


21.8 Applications of Triac 


As low gate currents and voltages can be used to control large load currents and voltages, 
therefore, triac is often used as an electronic on/off switch controlled by a low-current mechanical 
switch. 


POWER 
TRANSFORMER 


1000 W POWER 
OUTPUT 


POWER 


230 V, 50 Hz aes 


Fig. 21.11 Fig. 21.12 


(i) Asa high-power lamp switch. Fig. 21.11 shows the use of a triac as an a.c. on/off switch. 
When switch S$ is thrown to position 1, the triac is cut off and the output power of lamp 1s zero. But 
as the switch is thrown to position 2, a small gate current (a few mA) flowing through the gate turns 
the triac on. Consequently, the lamp is switched on to give full output of 1000 watts. 


(11) Electronic change over of transformer taps. 
Fig. 21.12 shows the circuit of electronic change over of 
power transformer input taps. Two triacs TR] and TR2 
are used for the purpose. When triac TR] is turned on 
and TR2 is turned off, the line input is connected across 
the full transformer primary AC. However, if it is de- 
sired to change the tapping so that input appears across 
part AB of the primary, then T'R2 1s turned on and TR! 1s 
turned off. The gate control signals are so controlled 
that both triacs are never switched on together. This 
avoids a dangerous short circuit on the section BC of the Triac as an a.c. switch 
primary. 

Example 21.2. Give a simple method for testing a triac. 


Solution. Fig. 21.13 shows a simple circuit for testing a triac. The test lamp serves two pur- 
poses. First, it is a visual indicator of current conduction. Secondly, it limits current through the triac. 

(i) When switch S is closed, the lamp should not light for the triac to be good. It is because 
voltage is *applied only between MT2 and MT1 but there is no trigger voltage. If the lamp lights, the 
triac is shorted. 


* It 1s understood that the applied voltage is less than the breakover voltage of the trac. 
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(ii) Now touch R, momentarily between gate TEST LAMP 
and MT2 terminal. For the triac to be good, the 
lamp should light and *continue to light. If 1t does 
not, the triac 1s open. 


Note that the lamp is on at full brilliance 
because the triac conducts both half-cycles (posi- 
tive and negative) of a.c. This method of triac test- 
ing has two main advantages. First, it 1s a very 
simple method. Secondly, it does not require ex- 
pensive apparatus. 


Fig. 21.13 


Example 21.3. The triac shown in Fig. 21.14 can be triggered by the gate triggering voltage 
Vor= +2V. How will you trigger the triac by (i) only a positive gate voltage (ii) only a negative gate 
voltage ? 


Solution. In Fig. 21.14, the triac will be triggered into conduction for V.,-=+2V. 


(i) In order that the triac is triggered only 
by a positive gate voltage, we can use the method 
shown in Fig. 21.15. In this circuit, diode D, is 
forward biased when V,,, 1s positive and reverse 
biased when V,,, 1s negative. Since D, will con- 
duct only when V,,;1s positive, the triac can only 
be triggered by a positive gate signal. The volt- 
age V, required to trigger the device is equal to 
the sum of V,,for diode D, and the required gate 
triggering voltage i.e. 


V, = VptVep=0.7V +2V=2.7V 


(ii) In order that the triac is tiggered only 
by the negative voltage, reverse the direction 
of diode D,. 


MT2 


Fig. 21.14 Fig. 21.15 


Example 21.4. In Fig. 21.16, the switch is closed. If the triac has fired, what is the current 
through 50Q resistor when (i) triac is ideal (ii) triac has a drop of 1V ? 


50Q 


Fig. 21.16 


Solution. 


(i) Since the triac is ideal and it is fired into conduction, the voltage across triacis OV. Therefore, 
the entire supply voltage of 50V appears across 50Q resistor. 


* Recall that once the triac is fired by the gate voltage, it continues to conduct even if the gate voltage is 
removed. 
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Current in 50Q. = 20V = 1A 
(ii) When triac is fired into conduction, voltage across 50Q resistor = 50V — 1V =49V. 
49V 


C tin 5002. = —— =0.98A 
urrent in 500 9 


21.9 The Diac 


A diac is a two-terminal, three layer bidirectional device which can be switched from its OF F 
state to ON state for either polarity of applied voltage. 


DIAC BASIC 
CONSTRUCTION DIAC SYMBOL 
(i) (ii) 
Fig. 21.17 


The diac can be constructed in either npn or pnp form. Fig. 21.17 (i) shows the basic structure of 
a diac in pnp form. The two leads are connected to p-regions of silicon separated by an n-region. The 
structure of diac is very much similar to that of a transistor. However, there are several imporant 
differences: 


(i) There is no terminal attached to the base layer. 
(ii) The three regions are nearly identical in size. 


(iii) The doping concentrations are identical (unlike a bipolar transistor) to give the device sym- 
metrical properties. 


Fig. 21.17 (ii) shows the symbol of a diac. 


Operation. When a positive or negative voltage 1s applied across the terminals of a diac, only a 
small leakage current J,,, will flow through the device. As the applied voltage is increased, the 
leakage current will continue to flow until the voltage reaches the breakover voltage V,,. At this 
point, avalanche breakdown of the reverse-biased junction occurs and the device exhibits negative 
resistance i.e. current through the device increases with the decreasing values of applied voltage. The 
voltage across the device then drops to ‘breakback’ voltage V,,. 


Fig. 21.18 shows the V-/ characteristics of a diac. For applied positive voltage less than + V,, 
and negative voltage less than — V,,, a small leakage current (+ /,,,) flows through the device. Under 
such conditions, the diac blocks the flow of current and effectively behaves as an open circuit. The 
voltages + V,, and — Vz, are the breakdown voltages and usually have a range of 30 to 50 volts. 

When the positive or negative applied voltage is equal to or greater than the breakdown voltage, 
diac begins to conduct and the voltage drop across it becomes a few volts. Conduction then continues 
until the device current drops below its holding current. Note that the breakover voltage and holding 
current values are identical for the forward and reverse regions of operation. 
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—I 
Fig. 21.18 


Diacs are used primarily for triggering of triacs in adjustable phase control of a.c. mains power. 
Some of the circuit applications of diac are (i) light dimming (ii) heat control and (iii) universal motor 
speed control. 


21.10 Applications of Diac 


Although a triac may be fired into the conducting state by a simple resistive triggering circuit, more 
reliable and faster turn-on may be had if a switching device is used 1n series with the gate. One of the 
switching devices that can trigger a triac is the diac. This is illustrated in the following applications. 

(i) Lamp dimmer. Fig. 21.19 shows a typical circuit that may be used for smooth control of 
a.c. power fed to a lamp. This permits to control the light output from the lamp. The basic control is 
by an RC variable gate voltage arrangement. The series R, — C, circuit across the triac is designed to 
limit the rate of voltage rise across the device during switch off. 


LAMP 


Fig. 21.19 


The circuit action 1s as follows : As the input voltage increases positively or negatively, C, and 
C, charge at a rate determined primarily by R,. When the voltage across C, exceeds the breakover 
voltage of the diac, the diac is fired into the conducting state. The capacitor C, discharges through the 
conducting diac into the gate of the triac. Hence, the triac 1s turned on to pass the a.c. power to the 
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lamp. By adjusting the value of R,, the rate of charge of capacitors and hence the point at which triac 
will trigger on the positive or negative half-cycle of input voltage can be controlled. Fig. 21.20 shows 
the waveforms of supply voltage and load voltage in the diac-triac control circuit 


SUPPLY VOLTAGE LOAD VOLTAGE 
(i) (it) 
Fig. 21.20 


The firing of triac can be controlled upto a maximum of 180°. In this way, we can provide a 
continuous control of load voltage from practically zero to full rm.s. value. 


(ii) Heat control. Fig. 21.21 shows a typical diac-triac circuit that may be used for the smooth 
control of a.c. power in a heater. This is similar to the circuit shown in Fig. 21.19. The capacitor C, 
in series with choke L across the triac helps to slow-up the voltage rise across the device during 
switch-off. The resistor R, in parallel with the diac ensures smooth control at all positions of variable 
resistance R,. 

The circuit action is as follows : As the input voltage increases positively or negatively, C, and 
C, charge at a rate determined primarily by R,. When the voltage across C, exceeds the breakover 
voltage of the diac, the diac conducts. The capacitor C, discharges through the conducting diac into 
the gate of the triac. This turns on the triac and hence a.c. power to the heater. By adjusting the value 
of R,, any portion of positive and negative half-cycles of the supply voltage can be passed through the 
heater. This permits a smooth control of the heat output from the heater. 


LOAD 


230 V ~ or 
50 Hz - 


OOOO 
Fig. 21.21 


Example 21.5. We require a small gate triggering voltage V,, (say + 2V) to fire a triac into 
conduction. How will you raise the trigger level of the triac ? 


Solution. The rated values of V,,, for triacs are generally low. For example, the traic shown in 
Fig. 21.22 (i) has V,,=+ 2V. However, we can raise the triggering level of the triac by using a diac 
in the gate circuit as shown 1n Fig. 21.22 (ii). With the diac present, the triac can still be triggered by 
both positive and negative gate voltages. However, to fire the triac into conduction, the potential V, at 
point A in Fig. 21.22 (i) must overcome the V,, (breakover voltage) for the diac plus V,,i.e. 
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MT2 


Fig. 21.22 
= +Vpo+ Ver 
+20V42V=+22V 


Therefore, in order to turn on the triac, the gate trigger signal V, must be + 22V. Note that triac 
triggering control is the primary function of a diac. 


~~ 
| 


Example 21.6. In Fig. 21.23, the switch is closed. A diac with breakover voltage Vz, = 30V is 


connected in the circuit. If the triac has a trigger voltage of 1V and a trigger current of 10 mA, what 
is the capacitor voltage that triggers the triac ? 


220 


Fig. 21.23 


Solution. When switch is closed, the capacitor starts charging and voltage at point A increases. 
When voltage V, at point A becomes equal to V,,, of diac plus gate triggering voltage V_,, of the triac, 
the triac is fired into conduction. 

V, = Veot Ver = 30V + 1V=31V 


This is the minimum capacitor voltage that will trigger the triac. 


21.11 Unijunction Transistor (UJT) 


A uniyunction transistor (abbreviated as UJT) 1s a three-terminal semiconductor switching device. 
This device has a unique characteristic that when it is triggered, the emitter current increases 
regeneratively until it 1s limited by emitter power supply. Due to this characteristic, the unijunction 
transistor can be employed in a variety of applications e.g., switching, pulse generator, saw-tooth 
generator etc. 

Construction. Fig. 21.24 (i) shows the basic *structure of a unijunction transistor. It consists of 
an n-type silicon bar with an electrical connection on each end. The leads to these connections are 


Note that structure of U/T is very much similar to that of the n-channel JFET. The only difference in the 
two components 1s that p-type (gate) material of the JFET surrounds the n-type (channel) material. 
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B, (BASE TWO) 
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(i) (ii) 


Fig. 21.24 


called base leads base-one B, and base two B,. Part way along the bar between the two bases, nearer 
to B, than B,, a pn junction is formed between a p-type emitter and the bar. The lead to this junction 
is called the emitter lead E. Fig. 21.24 (ii) shows the symbol of unijunction transistor. Note that 
emitter 1s shown closer to B, than B,. The following points are worth noting : 


(i) Since the device has one pn junction and three leads, it is *commonly called a unijunction 
transistor (uni means single). 


(ii) With only one pn-junction, the device is really a form of diode. Because the two base termi- 
nals are taken from one section of the diode, this device is also called double-based diode. 


(iii) The emitter is heavily doped having many holes. The n region, however, is lightly doped. 
For this reason, the resistance between the base terminals 1s very high (5 to 10 kQ) when emitter lead 
is open. 

Operation. Fig. 21.25 shows the basic circuit operation of a unijunction transistor. The device 
has normally B, positive w.rt. B,. 


(1) If voltage V,, 1s applied between B, and B, with emitter open [See Fig. 21.25 (d)], a voltage 
gradient 1s established along the n-type bar. Since the emitter 1s located nearer to B,, more than **half of 
Vp appears between the emitter and B,. The voltage V, between emitter and B, establishes a 


NO VOLTAGE 
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* In packaged form, a UJT looks very much like a small signal transistor. As a U/Thas only one pn junction, 
therefore, naming it a ‘transistor’ is really a misnomer. 


** The n-type silicon bar has a high resistance. The resistance between emitter and B, 1s greater than between 
B, and emitter. It is because emitter is nearer to B, than B.. 
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reverse bias on the pn junction and the emitter current is cut off. Of course, a small leakage current 
flows from B, to emitter due to minority carriers. 

(ii) If a positive voltage 1s applied at the emitter [See Fig. 21.25 (ii)], the pn junction will remain 
reverse biased so long as the input voltage 1s less than V,. If the input voltage to the emitter exceeds 
V,, the pn junction becomes *forward biased. Under these conditions, holes are injected from p-type 
material into the n-type bar. These holes are repelled by positive B, terminal and they are attracted 
towards B, terminal of the bar. This accumulation of holes in the emitter to B, region results in the 
decrease of resistance in this section of the bar. The result is that internal voltage drop from emitter to 
B, is decreased and hence the emitter current J,, increases. As more holes are injected, a condition of 
saturation will eventually be reached. At this point, the emitter current is limited by emitter power 
supply only. The device 1s now in the ON state. 


(iii) If a negative pulse is applied to the emitter, the pn junction is reverse biased and the emitter 
current is cut off. The device is then said to be in the OFF state. 


21.12 Equivalent Circuit of a UJT 


Fig. 21.26 shows the equivalent circuit of a UJT. The resistance of the silicon bar is called the inter- 
base resistance Rpp. The inter-base resistance is represented by two resistors in series viz. 


By Ip 


+ 


Fig. 21.26 


(a) R,,1sthe resistance of silicon bar between B, and the point at which the emitter junction lies. 


(b) Rp, 1s the resistance of the bar between B, and emitter junction. This resistance is shown 
variable because its value depends upon the bias voltage across the pn junction. 


The pn junction is represented in the emitter by a diode D. 
The circuit action of a UJT can be explained more clearly from its equivalent circuit. 
(i) With no voltage applied to the UJT, the inter-base resistance is given by ; 
Rpg = Rp + Kpy 
The value of Rp, generally lies between 4 kQ and 10 kQ. 


(ii) If a voltage V,,1s applied between the bases with emitter open, the voltage will divide up 
across Rp, and Rp. 


Voltage across Rz,, V, = 


* The main operational difference between the JFET and the UJT 1s that the JFET is normally operated with 


the gate junction reverse biased whereas the useful behaviour of the U/T occurs when the emitter 1s for- 
ward biased. 
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R 
or V,/Vpp = = 
= Rp, + Rep 
The ratio V,/V pp, 1s called intrinsic stand-off ratio and is represented by Greek letter 1. 
R 
Obviously, yn = ———~L— 
Rp + Rpy 


The value of n usually lies between 0.51 and 0.82. 
Voltage across Rp, = NVpp 


The voltage 1 Vz, appearing across R,, reverse biases the diode. Therefore, the emitter current 
is Zero. 

(iii) If now a progressively rising positive voltage is applied to the emitter, the diode will become 
forward biased when input voltage exceeds 1 Vp, by Vp, the forward voltage drop across the silicon 
diode i.e. 

Vp = NVept Vp 


‘peak point voltage’ 


where Vp 


~~ 
| 


= forward voltage drop across silicon diode (= 0.7 V) 


When the diode D starts conducting, holes are injected from p-type material to the n-type bar. 
These holes are swept down towards the terminal B,. This decreases the resistance between emitter 
and B, (indicated by variable resistance symbol for R,,) and hence the internal drop from emitter to 
B,. The emitter current now increases regeneratively until it is limited by the emitter power supply. 


Conclusion. The above discussion leads to the conclusion that when input positive voltage to the 
emitter is less than peak-point voltage V>, the pn-junction remains reverse biased and the emitter 
current is practically zero. However, when the input voltage exceeds Vp, Rp, falls from several thou- 
sand ohms to a small value. The diode 1s now forward biased and the emitter current quickly reaches 
to a saturation value limited by Rp, (about 20 Q) and forward resistance of pn-junction (about 200 Q). 


21.13 Characteristics of UJT 


Fig. 21.27 shows the curve between emitter voltage (V,,) and emitter current (/,,) of a UJT at a 
given voltage V,,, between the bases. This is known as the emitter characteristic of UJT. The following 
points may be noted from the characteristics : 


(¢) Initially, in the cut-off region, as V, increases from zero, slight leakage current flows from 
terminal B, to the emitter. This current 1s due to the minority carriers in the reverse biased diode. 


(ii) Above a certain value of V,, Vi, 
forward I, begins to flow, increasing 
until the peak voltage V, and current 
[, are reached at point P. 


| Vp NEGATIVE 
(ii) After the peak point P, an i RESISTANCE bid SATURATION . 
attempt to increase V,1s followed by REGION REGION 


a sudden increase in emitter current J, 
with a corresponding decrease in V,. 
This is a negative resistance portion 
of the curve because with increase in 
I» Vy, decreases. The device, 
therefore, has a negative resistance >| 
region which is stable enough to be LEAKAGE 
used with a great deal of reliability in CURRENT 
many areas e.g., trigger circuits, saw- 

tooth generators, timing circuits . 


VALLEY POINT 


REGION 


Fig. 21.27 
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(iv) The negative portion of the curve lasts until 


the valley point Vis reached with valley-point volt- VE 
age V,,and valley-point current /,. After the valley 
point, the device is driven to saturation. 14V ! 
Fig. 21.28 shows the typical family of V,/J, 12V la~ PEAK POINT 
characteristics of a UJT at different voltages between 10V . VALLEY POINT 
the bases. It is clear that peak-point voltage (= 7 - : 
Vaz + Vp) falls steadily with reducing Vp, and so : : 
does the valley point voltage V,. The difference V, oF , tid 
— V,1s ameasure of the switching efficiency of UJT av and 
and can be seen to fall off as V,, decreases. For a 2vy I : Vep=5V 
general purpose UJT, the peak - point current is of o'— ) i, 


the order of 1 pA at V,,= 20 V with a valley-point 


voltage of about 2.5 V at 6 mA. Fig. 21.28 


Example 21.7. The intrinsic stand-off ratio for a UJT is determined to be 0.6. If the inter-base 
resistance is 10 kQ, what are the values of Rp, and Rp, ? 


Solution. Rpzp = 10k, yn = 0.6 
Now Rap = Rp, t+ Rp 
or 10 = Rp, t+ Rp, 
Also yn = ee 
Ry + Rp 

_ Ry , _ 
ae R,, = 10x06 = 6kQ 
and Rp = 10-6 = 4kQ 


Example 21.8. A unijunction transistor has 10 V between the bases. If the intrinsic stand off 
ratio is 0.65, find the value of stand off voltage. What will be the peak-point voltage if the forward 
voltage drop in the pn junction is 0.7 V ? 

Solution. Vag = 10V; nN = 0.65, Vy, = 0.7V 
Stand off voltage = n Vz, = 0.65 x10 = 6.5.V 
Peak-point voltage, Vp = 1 Vpp + Vp = 6.540.7 = 7.2V 

Example 21.9. Determine the maximum and minimum peak-point voltage for a UJT with Vpp= 
25 V. Given that UJT has a range of n = 0.74 to 0.86. 

Solution. 

Vep = 22 V3 Nar = 9-86 5 Nin = 9-74 
Vecnax) — “max Veet Vp 
(0.86) (25V) +0.7 V=22.2 V 
Vecnin) — “min Veet Vp 
(0.74) (25 V)+0.7 V=19.2 V 


Example 21.10. Fig. 21.29 (i) shows the UJT circuit. The parameters of UJT are n = 0.65 and 
Rye = 7 KM. Find (i) Rp, and Rp, (ti) Vz; py and Vp. 


min 
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Vo=+12V 
R,=400 Q 
B, 
Rpo= 2.45 kQ 
I, =0 
Vp o——_| 
0.7 V 
Rpy= 4.55 kQ 
B, 
R,= 100 
(i) (ii) 
Fig. 21.29 
Solution. 
1 =0.65; V,=12 V;Rgp=7kQ 
R 
(i) y= Rep “Rg =1 Rgp= 0.65 x 7kKQ= 4.55 kQ 


Also Ry = Rpg— Rp, = 7 kQ- 4.55 kQ = 2.45 kQ 


(it) Fig. 21.29 (ii) shows the UJT circuit model. Because UJT is OFF, I, = 0. We can find V,, p, by 
the voltage-divider rule. 
= = 
Hee) R, +R, + Rap 


= ——12V in anngg = 141.2V 


(100 + 400 + 7000)Q 


The voltage V, required to turn on the UJT is 
Vp = NVeop, + Vp= 0.65 x 11.2 V +0.7 V=7.98V 


21.14 Advantages of UJT 


The UJT was introduced in 1948 but did not become commercially available until 1952. Since then, 
the device has achieved great popularity due to the following reasons : 


Rep 


(i) Itis.a low cost device. 
(ii) It has excellent characteristics. 
(iii) [tis a low-power absorbing device under normal operating conditions. 


Due to above reasons, this device is being used in a variety of applications. A few include 
oscillators, trigger circuits, saw-tooth generators, bistable network etc. 


21.15 Applications of UJT 


Uniyunction transistors are used extensively 1n oscillator, pulse and voltage sensing circuits. Some of 
the important applications of UJT are discussed below : 
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(i) UJT relaxation oscillator. Fig. 21.30 shows UJT relaxation oscillator where the discharg- 
ing of a capacitor through UJT can develop a saw-tooth output as shown. 


When battery V,, 1s turned on, the capacitor C charges through resistor R,. During the charging 
period, the voltage across the capacitor rises in an exponential manner until it reaches the peak - point 
voltage. At this instant of trme, the UJT switches to its low resistance conducting mode and the 
capacitor is discharged between E and B,. As the capacitor voltage flys back to zero, the emitter 
ceases to conduct and the UJT 1s switched off. The next cycle then begins, allowing the capacitor C 
to charge again. The frequency of the output saw-tooth wave can be varied by changing the value of 
R, since this controls the time constant R,C of the capacitor charging circuit. 


The time period and hence the frequency of the saw-tooth wave can be calculated as follows. 
Assuming that the capacitor is initially uncharged, the voltage V_.. across the capacitor prior to break- 
down 1s given by : 


wi 


Fig. 21.30 
where R,C = charging time constant of resistor-capacitor circuit 


t = time from the commencement of waveform. 
The discharge of the capacitor occurs when V,. is equal to the *peak-point voltage 1 Vpp i.e. 


or ee 
-wW/R,C _ 
or e = 1-7 
l 
or t = R, Clog, —— 
1 Se 1-7 
Time period, t = 2.3 R, Clog, _ 


l 


——___—___— Hz 
tin seconds 


Frequency of saw-tooth wave, f 


(ii) Overvoltage detector. Fig. 21.31 shows a simple d.c. over-voltage indicator. A warning 
pilot - lamp L is connected between the emitter and B, circuit. So long as the input voltage is less than 
the peak-point voltage (V,) of the UJT, the device remains switched off. However, when the input 
voltage exceeds V,, the UJT is switched on and the capacitor discharges through the low resistance 
path between terminals E and B,. The current flowing in the pilot lamp L lights it, thereby indicating 
the overvoltage in the circuit. 

* — Actually, peak point voltage, V, = nV,, + V,. As V,, the forward voltage drop across emitter diode is 
generally small, it can be neglected with reasonable accuracy. 

: Me Ue 


P 
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Fig. 21.31 


Example 21.11. The circuit shown in Fig. 21.32 uses variable resistor R, to change the fre- 
quency of pulses delivered at V ,,,. The variable resistor is initially set at 5 k&82 and is then adjusted to 


10k&2. Determine the frequency of the voltage spikes produced for (i) 5 kQ setting and (ii) 10 kQ 
setting. 


Kap 
Fig. 21.32 
Solution. 
; l 
(i) Time period, ¢ = R, Clog, a 
Here R,-=5kQ =5~x 10°Q ; C=0.2 uF =0.2x 10°F ; n=0.54 
7 Pa a 
t = (5x 10°) 2x 10°) log, pq 
= 0.78 x 10 °s=0.78 ms 
Frequency, f = l/t=1/0.78 x 10° *s = 1282 Hz 
‘: 3 7 l 
(il) t = (0x 10°) (0.2 x 10°) log, 1-054 


= 1.55x 10-°s= 1.55 ms 
Frequency, f = I/t = 1/1.55 x 10° *s = 645 Hz 


Example 21.12. Fig. 21.33 (i) shows the relaxation oscillator. The parameters of the UJT are 
Ryp = 5 kQand n = 0.6. 
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(i) Determine R,, and R,, at 1, = 0. 
(ii) Calculate the voltage Vp necessary to turn on the UST. 
(iti) Determine the frequency of oscillations. 


V,=12V 
12V 
Rp 
[,= 0A 
—_» 
Vp —_ §5kQ 
0.7V 
Rp, 
R, 
(i) (ii) 
Fig. 21.33 
Solution. 
V.=12 V; Rpp=5kQ,n =0.6 
(i) n = Ka or Rp = Rgp=0.6 x SkQ=3kQ 
Rap 
Also Rp = Reg—Rp, =5kKQ-3 kQ=2kQ 


(ii) The voltage V, required to turn on the UJT can be found from the UJT circuit model shown 
is Fig. 21.33 (ii). Referring to Fig. 21.33 (ii), we have, 


Vp = Vpt Voltage drop across (Rp, + R,) 
Vit _‘s yp + R,) 
2 kok, ee 
12V 
5kQ+0.1kQ 


O.7V+7.294V = 8V 


= 0.7V+ x(3+0.1) kQ 


(iii) Time period, t = R,C log, _ 


Here R, = 50kQ=50x 10°Q ; C=0.1 uF =0.1x 10 °F ; n=06 
t = (50x 10°)(0.1 x 10 °) log, —— 
4.58 x 10 °s = 4.58 ms 


Frequency, f = —— ae = 218 Hz 


t 458x105 
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MULTIPLE-CHOICE QUESTIONS 


1. Atriac has three terminals viz. ..........000.000. 
(i) drain, source, gate 
(ii) two main terminal and a gate terminal 
(iii) cathode, anode, gate 
(iv) none of the above 
2. A triac is equivalent to two SCRs............. 
(i) in parallel 
(ii) imseries 
(iii) 1m inverse-parallel 
(iv) none of the above 
3. Atriacisa............ switch. 
(i) bidirectional 
(ii) undirectional 
(iii) 


(iv) none of the above 


mechanical 


4. The V-/ characteristics for a triac in the first 
and third quadrants are essentially identical 
to those of ............ in the first quadrant. 


(i) transistor (ii) SCR 


(iii) UJT (iv) none of the above 
5. A triac can pass a portion of ............ half- 
cycle through the load. 


(i) only positive 
(ii) only negative 
(iii) 


(iv) none of the above 


both positive and negative 


6. A diac has............ terminals. 
(i) two (ii) three 
(iii) four (iv) none of the above 
7. Atriac has............ semiconductor layers. 
(i) two (ii) three 
(iii) four (iv) five 
8. A diac has............ pn junctions. 
(i) four (ii) two 
(iii) three (iv) none of the above 
9. The device that does not have the gate ter- 
minal is............ 
(i) triac (ii) FET 
(iii) SCR (iv) diac 
10. A diac has............ semiconductor layers. 
(i) three (ii) two 
(iii) four (iv) none of the above 


Pg ACO IT aS icc eis ae 
(i) two pn junctions 
(ii) one pn junction 
(iii) three pn junctions 
(iv) none of the above 
12. The normal way to turn on a diac is by 


(i) gate current 
(ii) gate voltage 
(iii) breakover voltage 
(iv) none of the above 
13. A diac is ............ switch. 
(ii) ad.c. 


(iv) none of the above 


(i) ana. 

(iii) amechanical 
14. Ina UJT, the p-type emitter is ............ doped. 
(i) lightly 

(iii) moderately 


(ii) heavily 
(iv) none of the above 
15. Power electronics essentially deals with con- 
trol of a.c. power at ............ 
(i) frequencies above 20 kHz 
(ii) frequencies above 1000 kHz 
(iii) frequencies less than 10 Hz 
(iv) 50 Hz frequency 
16. When the emitter terminal of a UJT is open, 
the resistance between the base terminals 1s 
generally ............ 
(i) high 
(iii) extremely low (iv) none of the above 
17. When a UJT is turned ON, the resistance 
between emitter terminal and lower base ter- 


(ii) low 


(i) remains the same 
(ii) 1s decreased 
(iii) 1S increased 
(iv) none of the above 
18. To turn on U/JT, the forward bias on the emit- 
ter diode should be ............ the peak point 
voltage. 
(i) less than 
(iii) more than (iv) none of the above 
19. A UJT is sometimes called ............ diode. 


(ii) equal to 


(i) lowresistance (ii) high resistance 
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25. The device that exhibits negative resistance 


(lil) single-base (iv) double-based region TS sccoasarcsevaese cabexeenes 
20. When the temperature increases, the inter- (i) diac (ii) triac 
base resistance (R pp) of a UJT ............ (iii) transistor (iv) UJT 


(i) increases 26. The UJT may be used as ...............00000.. 
(ii) decreases (i) an amplifier 
(iii) remains the same (ii) a sawtooth generator 


(iv) none of the above 


21. The intrinsic stand off ratio (n) of a UJT 1s 
given by ..............6. 


(iii) arectifier 
(iv) none of the above 
27. A diac is simply 0.0.0.0... 


_ Rp + Rp (i) asingle junction device 
© Ra Rey Wi) Ry (ii) athree junction device 
Ul tri ithout gate t inal 
7 Ry Rg + Rep Cy a triac without gate termina 
(ii) R ait Rp (iv) Ry (iv) none of the above 


22. When the temperature increases, the intrin- 


28. After peak point, the UJT operates in the 


i aaa |e errr er region. 
sic stand off ratio ....... i. . bee S 
— cut-o 
(1) increases ©) 
in, decreases (ii) saturation 
iv , (ii) negative resistance 
(iii) essentially remains the same Ce 6 
(iv) none of the above Gy) DONC OL Can Ove 


23. Between the peak point and the valley point 
of UJT emitter characteristics we have 
eee region. 
(i) saturation (ii) negative resistance 

(iii) cut-off (iv) none of the above 

24. A diac is turned on by ..................... 

(i) breakover voltage 
(ii) gate voltage 
(iii) gate current 
(iv) none of the above 


29. Which of the following 1s not a characteris- 
tic of UJT ? 


(i) intrinsic stand off ratio 
(ii) negative resistance 
(iii) peak-point voltage 
(iv) bilateral conduction 
30. The triac 1s... 
(i) like a bidirectional SCR 
(ii) afour-terminal device 
(iii) not a thyristor 
(iv) answers (i) and (ii) 


Answers to Multiple-Choice Questions 
. (iii) (i) » Gi) 

, ai (ii) - (iv) 

(7) . (ii) 

(iii) » tix) 

(ii) . 

(iii) . (iv) 
Review Topics 


. (iii) 

. (ii) 

. (iii) 

. (iii) 
Chapter 


1. Discuss the importance of power electronics. 


2. Explain the construction and working of a triac. 
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3. Sketch the V-J characteristics of a trac. What do you infer from them ? 
4. Describe some important applications of a triac. 
5. Explain the construction and working of a diac. 
6. Discuss the applications of a diac. 
7. Explain the construction and working of a UJT. 
8. Draw the equivalent circuit of a UJT and discuss its working from the circuit. 
9. Describe some important applications of a UJT. 
10. Write short notes on the following : 
(i) UJT relaxation oscillator(ii) Triacasana.c. switch (iii) Diacasa triggering device 
Problems 
1. The intrinsic stand off ratio fora U/Tis determined to be 0.6. If the inter-base resistance 1s 5 kQ., what 
are the values of R,, and R,, ? [Rp, = 3 kQ ; Rp, = 2 kQ] 
2. A uniyunction transistor has 18 V between the bases. If the intrinsic stand off ratio is 0.8, find the 
value of stand off voltage. What will be the peak point voltage if the forward voltage drop in the pn 
junction is 0.7 V ? [14.4V;15.1 V] 
3. Ina unijunction transistor, yn = 0.8, V, = 10.3 V and R,, = 5k. Determine R,, and Vzp. 
[20 kQ ; 12 V] 
4. The instrinsic stand-off ratio for a UJTis 0.75 and V,, = 12 V. Ifthe forward drop in the pn-junction 
is 0.7 V, find the peak point voltage. [9.7 V] 
5. A unyunction transistor has 12 V between the bases. If the intrinsic stand off ratio is 2/3, find the 
value of stand-off voltage. What will be the peak point voltage if the forward drop in the pn junction 
is 0.7 V? [8 V ; 8.7 V] 
6. In Fig. 21.34, the switch is closed. If the triac has fired, what is the current through the 22Q ? 
[3.41 A] 
22 
500 
82 kQ +50V F 
q A yA 
7S Voom (~) 
~ —50V p 
a 
Fig. 21.34 Fig. 21.35 
7. Ifthe triac of Fig. 21.35 has1 V across it when it is conducting, what is the maximum current through 


1. 
2. 
3. 
4. 
3. 
6. 
iF 
8. 
9, 


the 50Q ? [0.98 A] 


Discussion Questions 


What are the advantages of a triac over an SCR ? 
Why is diac preferred to trigger a triac ? 

Why is power electronics so important ? 

Why is diac used to trigger a triac ? 

Is the name UJT appropriate? 

What 1s the most common application of diac? 
What are the symptoms of a shorted diac or triac? 
What are the symptoms of an open diac or triac? 
For what are UJTs used? 
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22.1 Electronic Instruments 


22.3 Applications of Multimeter 

22.5 Merits and Demerits of Multimeter 
22.7 Electronic Voltmeters 

22.9 Applications of VTVM 

22.11 Transistor Voltmeter Circuit 


22.13 Cathode Ray Oscilloscope 


22.15 Deflection Sensitivity of CRT 
22.17 Display of Signal Waveform on CRO 


22.19 Various Controls of CRO 


INTRODUCTION 


n recent years, the rapid strides and remarkable advances in the field of electronics is partly due 
[: modern electronic instruments. By using these instruments, we can gather much information 

regarding the performance of specific electronic circuit. Electronic instruments are also used for 
trouble shooting since they permit readings to be taken so that circuit faults can be located by 
ascertaining which component values do not coincide with the pre-established values indicated by the 
manufacturer. In fact, electronic instruments are playing a vital role in the fast developing field of 
electronics. It 1s with this view that they have been treated in a separate chapter. 


22.1 Electronic Instruments 


Those instruments which employ electronic devices for measuring various electrical quantities (e.g. 
voltage, current, resistance etc.) are known as electronic instruments. 
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There are a large number of electronic instruments available for completion of various tests and 
measurements. However, in this chapter, we shall confine our attention to the following electronic 
instruments : 

(i) Multimeter 

(ti) Electronic Voltmeters 

(iii) Cathode ray oscilloscope 


The knowledge of the manner in which each instrument is used plus an understanding of the 
applications and limitations of each instrument will enable the reader to utilise such instruments 
successfully. 


22.2 Multimeter 


A multimeter is an electronic instrument which can measure resistances, currents and voltages. It is an 
indispensable instrument and can be used for measuring d.c. as well as a.c. voltages and currents. 
Multimeter is the most inexpensive equipment and can make various electrical measurements with 
reasonable accuracy. 


Construction. A multimeter consists of an ordinary pivoted type of moving coil galvanometer. 
This galvanometer consists of a coil pivoted on jeweled bearings between the poles of a permanent 
magnet. The indicating needle is fastened to the coil. When electric current 1s passed through the 
coil, mechanical force acts and the pointer moves over the scale. 


Functions. A multimeter can measure voltages, currents and resistances. To achieve this objec- 
tive, proper circuits are incorporated with the galvanometer. The galvanometer in a multimeter is 
always of left zero type i.e. normally its needle rests in extreme left position as compared to centre 
zero position of ordinary galvanometers. 


(i) Multimeter as voltmeter. When a high resistance is connected in series with a galvanom- 
eter, it becomes a voltmeter. Fig. 22.1 (i) shows a high resistance R connected in series with the 
galvanometer of resistance G. If] z 18 the full scale deflection current, then the galvanometer becomes 
a voltmeter of range 0 — V volts. The required value of series resistance R 1s given by : 


V= I,R+1,G 
or VAL, = R+G 
or R= VI, —G 
Ry 
R l, R, 
R, 
y VOLTAGE TO 
BE MEASURED 
(7) (ii) 


Fig. 22.1 


For maximum accuracy, a multimeter is always provided with a number of voltage ranges. This 
is achieved by providing a number of high resistances in the multimeter as shown in Fig. 22.1 (ii). 
Each resistance corresponds to one voltage range. With the help of selector switch S, we can put any 
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resistance (R,, R, and R,) in series with the galva- R, 
nometer. When d.c. voltages are to be measured, R, 
the multimeter switch is turned on to d.c. position. 
This puts the circuit shown in Fig. 22.1 (ii) in ac- 
tion. By throwing the range selector switch S to a 


suitable position, the given d.c. voltage can be mea- A.C. 
sured. VOLTAGE 


The multimeter can also measure a.c. voltages. 
To permit it to perform this function, a full-wave 
rectifier 1s used as shown in Fig. 22.2. The recti- 
fier converts a.c. into d.c. for application to the 
galvanometer. The desired a.c. voltage range can 
be selected by the switch §. When a.c. voltage is Fig. 22.2 
to be measured, the multimeter switch is thrown to 
a.c. position. This puts the circuit shown in Fig. 22.2 in action. By throwing the range selector switch 
S to a suitable position, the given a.c. voltage can be measured. It may be mentioned here that a.c. 
voltage scale is calibrated in r.m.s. values. Therefore, the meter will give the r.m.s. value of the a.c. 
voltage under measurement. 

(ii) Multimeter as ammeter. When low resistance is connected in parallel with a galvanom- 
eter, it becomes an ammeter. Fig. 22.3 (7) shows a low resistance S (generally called shunt) connected 
in parallel with the galvanometer of resistance G. If J, is the full scale deflection current, then the 
galvanometer becomes an ammeter of range 0 — J amperes. The required value of shunt resistance S$ 
is given by : 


[IS = I,G 
I G 
= — = —+1 
or Il, G/S or i, + ] 5 
or stig | G+S 1 _ GtS 
I, S I, S 


(i) (ii) 
Fig. 22.3 


In practice, a number of low resistances are connected in parallel with the galvanometer to pro- 
vide a number of current ranges as shown 1n Fig. 22.3 (ii). With the help of range selector switch S, 
any shunt can be put in parallel with the galvanometer. When d.c. current is to be measured, the 
multimeter switch is turned on to d.c. position. This puts the circuit shown in Fig. 22.3 (ii) in action. 
By throwing the range selector switch S$ to a suitable position, the desired d.c. current can be mea- 
sured. 
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The multimeter can also be used to measure alternating current. For this purpose, a full - wave 
rectifier is used as shown in Fig. 22.4. The rectifier converts a.c. into d.c. for application to the 
galvanometer. The desired current range can be selected by switch S. By throwing the range selector 
switch S to a suitable position, the given a.c. current can be measured. Again, the a.c. current scale is 
calibrated in rm.s. values so that the instrument will give rm.s. value of alternating current under 
measurement. 


(iii) Multimeter as ohmmeter. Fig. 22.5 (i) shows the circuit of ohmmeter. The multimeter 
employs the internal battery. A fixed resistance R 
and a variable resistance r are connected 1n series 
with the battery and galvanometer. The fixed resis- 
tance R limits the current within the range desired 
and variable resistance ris for zero-adjustment 
reading. The resistance to be measured is connected AG 
between terminals A and B. The current flowing VOLTAGE 
through the circuit will depend upon the value of re- 
sistor connected across the terminals. The ohmme- 
ter scale is calibrated in terms of ohms. The ohm- 
meter is generally made multirange instrument by 
using different values of R as shown in Fig. 22.5 (ii). 


To use ohmmeter, terminals A and B are shorted 
and resistance ris adjusted to give full scale deflec- 
tion of the galvanometer. Under this condition, the 
resistance under measurement is zero. Because the 
needle deflects to full scale, the ohmmeter scale must 
then indicate full scale deflection as zero ohm. Then 
probes A and B are connected across the resistance 
to be measured. If the resistance to be measured is 
high, lower current flows through the circuit and the 
meter will indicate lower reading. It may be mentioned here that each time the ohmmeter is used, it 
is first shorted across AB and r is adjusted to zero the meter. This calibrates the meter and accommo- 
dates any decrease in the terminal voltage of the battery with age. 


Fig. 22.4 


Ry 
R> s 
R A R3 A 
r r 
E= — 
(i) B (ii) B 


Fig. 22.5 


Typical multimeter circuit. Fig 22.6 shows a typical multimeter circuit incorporating three 
voltage and current ranges. 
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R, R, R; a R,=500 


+ 100 V 


+200 HA +1mA +10mA 
Fig. 22.6 


Here the full-scale deflection (f's.d.) current of the meter is 100 pA and meter resistance 1s 50 Q. 
The design of this multimeter means finding the values of various resistances. 


22.3 Applications of Multimeter 


A multimeter is an extremely important elec- 
tronic instrument and is extensively used for 
carrying out various tests and measurements in 
electronic circuits. It 1s used : 


(i) For checking the circuit continuity. 
When the multimeter is employed as continu- 
ity-checking device, the ohmmeter scale is 
utilised and the equipment to be checked is shut 
off or disconnected from the power mains. 

(ii) For measuring d.c. current flowing 
through the cathode, plate, screen and other 
vacuum tube circuits. 


(4) For aii d.c. voltages ent Checking the circuit continuity by multimeter 
various resistors in electronic circuits. 


(iv) For measuring a.c. voltages across power supply transformers. 
(vy) For ascertaining whether or not open or short circuit exists in the circuit under study. 


22.4 Sensitivity of Multimeter 


The resistance offered per volt of full scale deflection by the multimeter is known as multimeter 
sensitivity. 

Multimeter sensitivity indicates the internal resistance of the multimeter. For example, if the 
total resistance of the meter 1s 5000 ohms and the meter is to read 5 volts full scale, then internal 
resistance of the meter is 1000 Q per volt i.e. meter sensitivity 1s 1000 Q per volt. Conversely, if the 
meter sensitivity 1s 400 Q per volt which reads from 0 to 100 V, then meter resistance is 40,000 ohms. 


If the meter is to read V volts and J : is the full scale deflection current, then, 
V 


l, 


Meter sensitivity = Resistance per volt full scale deflection 


Z i eh 
I, l, 


Sensitivity 1s the most important characteristic of a multimeter. Ifthe sensitivity of a multimeter 
is high, it means that it has high internal resistance. When such a meter is connected in the circuit to 


Meter resistance 
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read voltage, it will draw a very small current. Consequently, there will be no change in the circuit 
current due to the introduction of the meter. Hence, it will measure the voltage correctly. On the other 
hand, if the sensitivity of multimeter is low, 1t would cause serious error in voltage measurement. The 
sensitivity of multimeters available in the market range from 5 kQ per volt to 20 kQ per volt. 


22.5 Merits and Demerits of Multimeter 
Although multimeter is widely used for manufacturing and servicing of electronics equipment, it has 
its own merits and demerits. 
Merits 
(i) Itis a single meter that performs several measuring functions. 
(ii) It has a small size and is easily portable. 
(iii) It can make measurements with reasonable accuracy. 
Demerits 


(i) Itis a costly instrument. The cost of a multimeter having sensitivity of 20 kQ per volt is 
about Rs. 1000. 


(ii) It cannot make precise and accurate measurements due to the loading effect. 
(iii) Technical skill is required to handle it. 


22.6 Meter Protection 


It is important to provide protection for the meter in the event of an accidental overload. This is 
achieved by connecting a diode in parallel with the voltmeter as shown in Fig. 22.7. 


r 


(J + OVERLOAD) 


OVERLOAD 
CURRENT 


Fig. 22.7 


Let us see how diode across the meter enables it to withstand overload without destroying the 
expensive movement. If J is the normal f's.d. current, a potential difference of JR, is developed 
across the diode. The circuit 1s so designed that JR, does not turn on the diode. In the event of an 
accidental overload (say 5 J), the voltage across diode becomes 5 times greater and it 1s immediately 
turned on. Consequently, diode diverts most of the overload current in the same manner as a shunt. 
Thus protection of the meter against overload is ensured. Silicon diodes are perhaps the best to use in 
such circuits. 


Example 22.1. A multimeter has full scale deflection current of 1 mA. Determine its sensitivity. 


Solution. Full scale deflection current, J i ImA = 10°A 
1000 Q per volt 
Example 22.2. A multimeter has a sensitivity of 1000 Q per volt and reads 50 V full scale. If the 
meter is to be used to measure the voltage across 50000 Q resistor, will it read correctly ? 
Solution. Meter sensitivity = 1000 Q per volt 
Full scale volts = 50 V 
Meter resistance = 50 x 1000 = 50,000 Q 


When the meter is used to measure the voltage across the resistance as shown in Fig. 22.8, the 
total resistance of the circuit is a parallel combination of two 50,000 Q resistors. Therefore, the 


Multimeter sensitivity = 1// a 1/107 
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circuit resistance would be reduced to 25000 Q and double 

the amount of current would be drawn than would other- 

wise be the case. @ 
50,000 Q 


Meter will give highly incorrect reading. 


Comments. This example shows the limitation of mul- 
timeter. The multimeter will read correctly only if its re- 
sistance is very high as compared to the resistance across 
which voltage is to be measured. 

As a tule, the resistance of the multimeter should be 
atleast 100 times the resistance across which voltage is to Fig. 22.8 
be measured. 

Example 22.3. In the circuit shown in Fig. 22.9 (i), it is desired to measure the voltage across 
10 kQ resistance. If a multimeter of sensitivity 4 kQ/volt and range 0-10 V is used for the purpose, 
what will be the reading ? 

Solution. In the circuit shown in Fig. 22.9 (i), the circuit current by Ohm’s law is 1 mA. There- 
fore, voltage across 10 kQ resistance is 10 V. Let us see whether the given multimeter reads this 
value. Fig. 22.9 (ii) shows the multimeter connected across 10 kQ resistance. The introduction of 
multimeter will change the circuit resistance and hence circuit current. 


Resistance of meter = 4kQx 10 = 40kQ 
Total circuit resistance = 40kQ || 10kQ+ 10kQ 


50,000 Q 


40x10 
= ——4]10 = 8+10 = 18kQ 
40 +10 
ae — 20V _ 
Circuit current = 1gkQ 1.11 mA 
10kQ 10 kQ 
4 
20 V 
(7) 
Fig. 22.9 


Voltage read by multimeter = 8kQx1.11mA = 8.88 V 


Example 22.4. [fin the above example, a multimeter of sensitivity 20 kQ per volt is used, what 
will be the reading ? 
Solution. Meter resistance = 20kQ x 10 = 200 kQ 
Total circuit resistance = 200 kQ || 10kQ+ 10 kQ 
200 x 10 
= —— +10 = 95+10 = 19. 
700+ 10 95+10 = 19.5 kQ 


oo, 20V 
Circuit current = 195kO 1.04 mA 


Voltage read by multimeter = 9.5 kQ x 1.04mA = 9.88 V 
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A comparison of examples 22.3 and 22.4 shows that a multimeter with higher sensitivity gives 
more correct reading. 


Example 22.5. In the circuit shown in Fig. 22.10, find the voltage at points A, B, C and D (i) 
before the meter is connected and (ii) after the meter is connected. Explain why the meter readings 
differ from those without the meter connected. 


Solution. ({) When meter is not connected. When meter is not connected in the circuit, the 
circuit is a simple series circuit consisting of resistances 20 kQ, 20 kQ, 30 kQ and 30 kQ. 


Total circuit resistance = 20+ 20+30+30 = 100 kQ 


100 V 
ircul = —— = |mA 
Circuit current 100 kQ 
Voltage at point A = 100V 
20 kQ 
A 
q 20 kQ zp. S 
: 100 V C 
D 
30 kQ 
60 kQ 
30 kQ B 
Fig. 22.10 


Voltage at pointB = 100-—1mAx20kQ = 80V 
100-1 mA x 40 kQ = 60V 


Voltage at pointD = 100-1mAx70kQ = 30V 


(it) When meter is connected. When meter 1s connected in the circuit, the circuit becomes a 
series-parallel circuit. The total circuit resistance would depend upon the position of switch S. 


(a) When switch is at position A 

The voltage at point A is 100 V because point A 1s directly connected to the voltage source. 
4 Voltage at pointA = 100V 

(b) When switch is at position B 


Voltage at point C 


Total circuit resistance = 20+ BU xO. = 20 + 34.28 = 54.28 kQ 
80 + 60 
Circuit —_ 100 V 
ircuit curren 34.28kO 
100 V 
Voltage at point B = 54.08kO x 34.28 kQ = 63V 
(c) When switch is at point C 
ae 60 x 60 
Total circuit resistance = 40+ = 40+30 = 70kQ 

60 + 60 


100 V 
70 kQ 


Circuit current 
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100 V 
Voltage at point C = 70 kO x 30 kQ = 42.8 V 
(d) When switch is at point D 
a , _ 30 x 60 
Total circuit resistance = 70+ = 70+20 = 90kQ 
30 + 60 
Mea _ 100 V 
ircuit curren 90 kO 
100 V 


x20 kQ = 22.2 V 


Voltage at point D 90 kO 


Comments. Note that potential measurements are being made in a high-impedance circuit; the 
circuit resistance 1s comparable to meter resistance. As a rule, the resistance of the voltmeter should be 
100 times the resistance across which voltage 1s to be measured. Since such a condition 1s not realised in 
this problem, the meter readings differ appreciably from those without the meter connected. 


22./ Electronic Voltmeters 


The electromagnetic and electrostatic voltmeters have two main drawbacks. First, the input resis- 
tance/impedance of these instruments is not very high so that there 1s a considerable *loading effect of 
the instrument. Secondly, considerable power is drawn from the circuit under measurement. Both 
these drawbacks are overcome in electronic voltmeters. The electronic devices (e.g. vacuum tubes, 
transistors etc.) have very high input resistance/impedance and possess the property of amplification. 
The latter property permits the input signal to be amplified so that the power to operate the indicating 
mechanism comes from a source other than the measured circuit. There are a large number of elec- 
tronic voltmeters. However, we shall discuss the following three types of electronic voltmeters : 


(i) Vacuum Tube Voltmeter (VTVM) 
(ii) Transistor Voltmeter 
(iii) Bridge Rectifier Voltmeter 


22.8 Vacuum Tube Voltmeter (VITVM ) 


A vacuum tube voltmeter consists of any ordinary voltmeter and electron tubes. It is extensively 
used for measuring both a.c. and d.c. voltages. The vacuum tube voltmeter has high internal resis- 
tance (> 10 MQ ) and draws extremely small current from the circuit across which it 1s connected. In 
other words, the loading effect of this instrument is very small. Therefore, a VTVM measures the 
exact voltage even across a high resistance. In fact, the ability of VTVM to measure the voltages 
accurately has made this instrument the most popular with technicians for trouble shooting radio and 
television receivers as well as for laboratory work involving research and design. 


(i) Simple VT VM circuit. Fig. 22.11 shows the simple circuit of a vacuum tube voltmeter. It 
consists of a triode having meter M connected in the plate circuit. The meter is calibrated in volts. R, 
is the grid leak resistor. The voltage to be measured is applied at the grid of triode in such a way that 
grid is always negative w.rt. cathode. This voltage at the grid is transformed by the triode into 
corresponding plate current. The meter MV connected in the plate circuit directly gives the value of the 
voltage under measurement. It may be seen that as grid draws extremely small current (< | UWA), 
therefore, internal resistance of VTVM 1s very large. This circuit has the disadvantage that if the 
applied voltages change (especially filament voltage), the plate current will also change. Conse- 
quently, the meter will give wrong reading. 


aa oor Pe Co fe i oe a fo a oe ee, ee ee eo ee ee a, a ee) a Sa oe 


* When a voltmeter is connected across a resistance R to measure voltage, the measured voltage will be 
less than the actual value. It is because the resistance R 1s shunted by the voltmeter. This is called 
loading effect of the meter. The greater the input resistance of voltmeter, the smaller will be the loading 
effect and more accurate 1s the reading. 
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VOLTAGE TO 
BE MEASURED 


= 
Epp 
Fig. 22.11 

(it) Balanced bridge Type VTVM. The disadvantage of above circuit is overcome in the 
balanced bridge type VTVM shown in Fig. 22.12. Here, two similar triodes V, and V, are used. The 
meter M is connected between the plates of triodes and indicates the voltage to be measured. The 
variable resistance r in the plate circuit of V, is for zero adjustment of the meter. The voltage to be 
measured is applied at the grid of triode V, in such a way that grid is always negative with respect to 
cathode. 


Operation. When no voltage is applied at the input terminals AB, the plate currents flowing in 
both valves are equal as the triodes are similar. Therefore, plates of both valves are at the same 
potential. Consequently, the current through the meter M is zero and the meter reads zero volt. 
However, in actual practice, there are always some constructional differences in plates, grids and 
cathodes of the two valves. The result is that two plate currents differ slightly and the meter may give 
some reading. In such a case, the meter needle 1s brought to zero by changing resistance r. 


+ Exp 


VOLTAGE TO 
BE MEASURED 


Fig. 22.12 


The voltage to be measured is applied at the grid of triode V,, making the grid negative w.rt. 
cathode. This changes the plate current of triode V, and the plates of two valves no longer remain at 
the same potential. Therefore, a small current flows through the meter M which directly gives the 
value of the voltage being measured. It may be noted that actually triode V, is used for voltage 
measurement, the purpose of V, 1s simply to prevent zero drift. By using two similar tubes, any 
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change in plate current due to supply fluctuations will equally affect the two plate currents. There- 
fore, net change in potential drop across voltmeter is zero. 


VOLTAGE TO 
BE MEASURED 


Fig. 22.13 


Range selection. In practice, a VTVM 1s made 
a multirange instrument by employing a potentiometer 
at the input circuit as shown in Fig. 22.13. By throwing 
the range selector switch S to a suitable position, the 
desired voltage range can be obtained. Thus when the 
range selector switch S is thrown to position 1, the volt- 
age applied to the grid is three times as compared to 
position 3. Although only three voltage ranges have 
been considered, a commercial VTVM may have more 
ranges. 


22.9 Applications of VIVM 


A VTVM 1s far superior to a multimeter and performs a 
number of measuring functions. Afew important appli- 
cations of V7VM are discussed below : 


—- 


SIGNAL o——| 


Fig. 22.14 
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(i) d.c. voltage measurements. A VTVM can accurately measure the d.c. voltages in an elec- 
tronic circuit. The d.c. voltage to be measured 1s applied at the input (i.e. grid of V,) terminals in such 
a way that grid of the input valve V, is always negative. Fig. 22.14 shows the circuit of an amplifier 
stage and measurement of d.c. voltage across cathode resistor Rx. 


(ii) d.c. current measurements. A conventional VTVM does not incorporate a current scale. 
However, current values can be found indirectly. For instance, in Fig. 22.14, the d.c. current through 
R,, can be found by noting the voltage across R, and dividing it by the resistance Rx. 


(iii) a.c. voltage measurements. For measuring a.c. voltage, a rectifier is used 1n conjunction 
with a VTVM. The rectifier converts a.c. into d.c. for application to the grid of valve V,. In fact, 
rectifier circuit is a part of VTVM. Fig. 22.15 shows the transistor power amplifier stage and mea- 
surement of a.c. voltage across the speaker. 


| i 
Fig. 22.15 


(iv) Resistance measurements. A VTVM can be used to measure resistances and has the ability 
to measure resistances upto 1000 megaohms whereas the ordinary ohmmeter will measure only upto 
about 10 megaohms. Fig. 22.16 shows the circuit of VTVM ohmmeter. By throwing the selector 
switch S$ to any suitable position, the desired resistance range can be obtained. The unknown resistor 
whose value is to be measured is connected between points A and B. If the unknown resistance has 
high value, a higher negative bias will be applied to triode V,. Reverse will happen if the unknown 


+ Epp 


Fig. 22.16 
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resistance has low value. The imbalance in the plate currents of the two valves will cause a current 
through the meter M which will directly give the value over the resistance scale of the meter. 


22.10 Merits and Demerits of VIVM 


A VTVM 1s an extremely important electronic equipment and is widely used for making differ- 
ent measurements in electronic circuits. 


Merits 


(i) A VITVM draws extremely small current from the measuring circuit. Therefore, it gives 
accurate readings. 


(it) There is little effect of temperature variations. 


(tit) Because a VTVM uses triodes, the voltage to be measured 1s amplified. This permits the use 
of less sensitive meter. 


(iv) It has a wide frequency response. 

Demerits 

(i) It cannot make current measurements directly. 

(it) Accurate readings can be obtained only for sine waves. 


22.11 Transistor Voltmeter Circuit 


Since vacuum tubes have become obsolete, these have been replaced by transistors and other semi- 
conductor devices. Fig. 22.17 shows the circuit of an emitter-follower voltmeter. The voltage E to be 
measured is applied between base and emitter. A permanent-magnet moving coil (PMMC) instrument 
and a multiplier resistor R, are connected in series with the transistor emitter. The circuit measures the 
voltage quite accurately because the emitter follower offers high input resistance to the voltage being 
measured and provides a low output resistance to drive current through the coil of PMMC meter. 


o + 
Ic 
= I; =1,) 
Rs 
Voc 
E 
Ve Rn 


Fig. 22.17 


Operation. The voltage E to be measured is applied between base and emitter of the transistor 
and causes a base current J, to flow through the base circuit. Therefore, collector current J. = Bl, 
where B is the current amplification factor of the transistor. Since J,, ~ J. and the meter is connected 
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in the emitter, the meter current J, = 1, = BI. Now the meter current J,, depends upon the input 
voltage to be measured. Therefore, the PMMC meter can be calibrated to read the input voltage 
directly. 


Emitter voltage, V, = E-Vp, 
Ve 
Ro +R, 
Here R,= multiplier resistor ; R,, = meter resistance 


Meter current, J, = 


Input resistance of voltmeter, R; = 2 
B 


Example 22.6. The emitter follower circuit shown in Fig. 22.17 has Vec = 12 V; R,, = [kQW 


and a 2 mA meter. If transistor B = 80, calculate (i) the suitable resistance for R, to give full -scale 
deflection when E = SV (ti) the voltmeter input resistance. 


Solution. 
Meter resistance, R,, = 1 kQ 
F.S.D. current of meter,/,, he 2mA=2x10°A 


(i) Emitter voltage, V, = E-V,,-=5 V-0.7V=43 V 
I es ae 
m (f.s.d.) R, +R 
= 4.3V _ 
or 2x10 > = 10000 +R, “ Ro=1150Q 
I 
(ii) Base current, J, = =— =m = 0.025 mA 
Input resistance of voltmeter, R. = feo 200 kQ 
P oS 7, 0.025mA 


Example 22.7. The emitter-follower voltmeter circuit in Fig. 22.17 has Voc = 20 V, Ro + KR, = 
9.3 kQ, I,, = 1 mA and transistor B = 100. 


(1) Calculate the meter current when E = 10V. 


(ii) Determine the voltmeter input resistance with and without the transistor. 


Solution. 
(z) Emitter voltage, V, = E-V,,= 1OV—-0.7 V=9.3 V 
7 _ ve _93V 
eter current, /,, = R,+R, -93kQ im 
7 I, _1mA 

(i) Base current, [, = B = 100 7 0.01 mA 

E_ 10V 

With transistor, R; = T. 0OlmA =~ 1000 kQ = 1 MQ 


B 
Without transistor, R,; = R,+R, = 9.3 kQ 

Note that without transistor, the voltmeter input resistance = R, + R,, = 9.3 kQ. However, with 
transistor, the voltmeter input resistance = | MQ = 1000 kQ. The obvious advantage of the electronic 
voltmeter is that its loading effect in voltage measurement will be very small. 

Example 22.8. In the above example, if E = 5V, all other values remaining the same, what will 
be the value of meter current? Comment on the result. 

Solution. 
E-Vep _5V—-9.7V _ 43V 


Meter current, J, = R,+R, ~ 93kQ £93kO 


= (0.46 mA 
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With E = 5V, the meter should read half of full-scale reading i.e. 0.5 mA. However, the meter current 
is actually 0.46 mA. This error is due to V,,, and can be eliminated by the modification of the circuit. 


22.12 Bridge Rectifier Voltmeter 


A permanent-magnet moving coil (PMMC) instrument responds to average or d.c. value of current 
through the moving coil. If alternating current is passed through the moving coil, the driving torque 
would be *zero. It is because the average value of a sine wave over one cycle is zero. Therefore, a 
PMMC instrument connected directly to measure a.c. indicates zero reading. In order to measure a.c. 
with a PMMC instrument, the given a.c. is converted into d.c. by using a bridge rectifier. The instru- 
ment is then called rectifier type instrument. 


Circuit details. Fig. 22.18 shows bridge rectifier voltmeter for the measurement of a.c. volt- 
ages. A multiplier resistor R, 1s connected in **series with the PMMC instrument having resistance 
R,,. When a.c. voltage to be measured is applied to the circuit, full-wave rectification will be obtained 
as shown in Fig. 22.19. The meter deflection will be proportional to the taverage current. Since there 
is a definite relationship between the average value and r.m.s. value of a sine-wave (r.m.s. value = 
1.11 x average value), the meter scale can be calibrated to read the rms. value directly. 


PMMC 
Vp— 


SPATE 


instrument 


Fig. 22.18 Fig. 22.19 


Operation. When a.c. voltage to be measured 1s applied to the circuit, it passes the positive half- 
cycles of the input and inverts the negative half-cycles. 


(i) During the positive half-cycle of the a.c. input voltage, point A is positive w.r.t. point B. 
Therefore, diodes D, and D, are forward biased while diodes D, and D, are reverse biased. As a 
result, diodes D, and D, conduct and the current follows the path R,-—D, -PMMC meter — D, — back 
to point B. Note that multiplier resistor R, and the meter are in series. 


(ii) During the negative half-cycle of the a.c. input voltage, diodes D, and D, are forward biased 
while diodes D, and D, are reverse biased. As a result, diodes D, and D, conduct and the current 
follows path D, - PMMC meter — D, — R, back to point A. Note that current through the meter is in 
the same direction as for the positive half-cycle. Consequently, full-wave rectification results. 


: = £ SS ww se 6 & St = €& &#@ Bese € & = S| € S£ BSB ceo £€ & DV Ww &£€ BOB Sse’ & & VS St £& BD BS ce & & VS we ££ BB Ste & Ha = 


* The driving torque would be in one direction for the positive half-cycle and in the other direction for the 
negative half-cycle. The inertia of the coil is so great that at supply frequency (50 Hz),the pointer cannot 
follow the rapid reversals of the driving torque. Therefore, pointer of the meter remians stationary at zero 
mark. 

** If you see carefully, the four diodes (D,, D,, D, and D,) form the bridge. Note that the same current 
flows through the R, and R . 

* Note that a voltmeter is a current-operated device. 
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The scale of the PMMC meter 1s calibrated to read directly the r.m.s. value of a.c. voltage being 
measured. It may be noted that rectifier voltmeter can be used only to measure pure sine-wave 
voltages. When other than pure sine-waves are applied, the meter will not indicate the r.m.s. voltage. 


Example 22.9. A PMMC instrument with a full-scale deflection (f.s.d.) current of 100 UA and 
R,, = 1 kQ is to be used as a voltmeter of range 0 — 100 V (r.m.s.). The diodes used in the bridge 
rectifier circuit are of silicon. Calculate the value of multiplier resistor R, required. 
Solution. Note that 100 WA is the average current. 
F.S.D. current of meter, I,, 7.4) = 100 wA= 100 x 10° A= 10° A 
Total circuit resistance, R, = Ro +R, = (Ry + 1000) 


V2 V_,. = J2 x 100V= 141. 4V 


rm.s. 


2V,p=2%0.7=14V 


Peak applied voltage — Rectifier Drop 
Total circuit resistance 


Peak value of applied voltage, V,, 


* Total rectifier drop 


Peak f.s.d. current of meter 


ive a 141.4-1.4 Lay 
or = i eak — 
0.637 R, + 1000 e 0.63 
R, = 890.7 kQ 


Example 22.10. An a.c. voltmeter uses a bridge rectifier with silicon diodes and a PAMC 
instrument with f.s.d. current of 75 PA. If meter coil resistance is 9O0Q and the multiplier resistor is 
708 k22, calculate the applied r.m.s. voltage when the meter reads f.s.d. 


Solution. The PMMC meter reads average value. 


75x10 ° u 
= A = — av 
Peak f.s.d. meter current 0637 ( L peak 0.637 


Peak applied voltage — Rectifier drop 
Total circuit resistance 


75x10°° J2V,,,, —2x0.7 
Or foe oS ll ee a 


Now Peak f.s.d. meter current 


0.637 R, + R,, 
6 1414V,. -1.4 
or 117.74 x 10° = ———s8s__— 
708 x 10° + 900 
ee (117.74 x10 °) (708 x 10° + 900) + 1.4 eh 
Km.s. 1.414 


22.13 Cathode Ray Oscilloscope 

The cathode ray oscilloscope (commonly abbreviated as CRO) is an electronic device which is capable 
of giving a visual indication of a signal waveform. No other instrument used in the electronic industry 
is as versatile as the cathode ray oscilloscope. It1s widely used for trouble shooting radio and television 
receivers as well as for laboratory work involving research and design. With an oscilloscope, the wave- 
shape of a signal can be studied with respect to amplitude distortion and deviation from the normal. In 
addition, the oscilloscope can also be used for measuring voltage, frequency and phase shift. 

In an oscilloscope, the electrons are emitted from a cathode accelerated to a high velocity and 
brought to focus on a fluorescent screen. The screen produces a visible spot where the electron beam 
strikes. By deflecting the electron beam over the screen in response to the electrical signal, the 
electrons can be made to act as an electrical pencil of light which produces a spot of light wherever it 


* During positive or negative half-cycle of input a.c. voltage, two diodes (D, and D, or D, and D,) are in 
series. 
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strikes. An oscilloscope obtains its remarkable properties as a measuring instrument from the fact 
that it uses as an indicating needle a beam of electrons. As electrons have negligible mass, therefore, 
they respond almost instantaneously when acted upon by an electrical signal and can trace almost any 
electrical variation no matter how rapid. A cathode ray oscilloscope contains a cathode ray tube and 
necessary power equipment to make it operate. 


22.14 Cathode Ray Tube 


A cathode ray tube (commonly abbreviated as CRT) 1s the heart of the oscilloscope. It is a vacuum 
tube of special geometrical shape and converts an electrical signal into visual one. A cathode ray tube 
makes available plenty of electrons. These electrons are accelerated to high velocity and are brought 
to focus on a fluorescent screen. The electron beam produces a spot of light wherever it strikes. The 
electron beam is deflected on its journey in response to the electrical signal under study. The result 1s that 
electrical signal waveform is displayed visually. Fig. 22.20 shows the various parts of cathode ray tube. 


HORIZONTAL 
FOCUSSING DEFLECTION 
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" 
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——~—_— DEFLECTION 
ELECTRON GUN PLATES AQUADAG 


Fig. 22.20 


(i) Glass envelope. It is conical highly evacuated glass housing and maintains vacuum inside 
and supports the various electrodes. The inner walls of CRT between neck and screen are usually 
coated with a conducting material, called aqguadag. This coating is electrically connected to the 
accelerating anode so that electrons which accidentally strike the walls are returned to the anode. 
This prevents the walls of the tube from charging to a high negative potential. 


(ii) Electron gun assembly. The arrangement of electrodes which produce a focussed beam of 
electrons is called the electron gun. It essentially consists of an indirectly heated cathode, a control 
grid, a focussing anode and an accelerating anode. The control grid is held at negative potential 
w.rt. cathode whereas the two anodes are maintained at high positive potential w.rxt. cathode. 


The cathode consists of a nickel cylinder coated with oxide coating and provides plenty of 
electrons. The control grid encloses the cathode and consists of a metal cylinder with a tiny circular 
opening to keep the electron beam small in size. The focussing anode focuses the electron beam into 
a sharp pin-point by controlling the positive potential on it. The positive potential (about 10,000 V) 
on the accelerating anode 1s much higher than on the focusing anode. For this reason, this anode 
accelerates the narrow beam to a high velocity. Therefore, the electron gun assembly forms a narrow, 
accelerated beam of electrons which produces a spot of light when it strikes the screen. 


(iii) Deflection plate assembly. The deflection of the beam is accomplished by two sets of 
deflecting plates placed within the tube beyond the accelerating anode as shown in Fig. 22.20. One 
set is the vertical deflection plates and the other set is the horizontal deflection plates. 

The vertical deflection plates are mounted horizontally in the tube. By applying proper poten- 
tial to these plates, the electron beam can be made to move up and down vertically on the fluorescent 
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screen. The horizontal deflection plates are mounted in the vertical plane. An appropriate potential 
on these plates can cause the electron beam to move right and left horizontally on the screen. 


(itv) Screen. The screen is the inside face of the tube and is coated with some fluorescent 
material such as zinc orthosilicate, zinc oxide etc. When high velocity electron beam strikes the 
screen, a spot of light 1s produced at the point of impact. The colour of the spot depends upon the 
nature of fluorescent material. If zinc orthosilicate 1s used as the fluorescent material, green light spot 
is produced. 


Action of CRT. When the cathode is heated, it emits plenty of electrons. These electrons pass 
through control grid on their way to screen. The control grid influences the amount of current flow as 
in standard vacuum tubes. If negative potential on the control grid is high, fewer electrons will pass 
through it and the electron beam on striking the screen will produce a dim spot of light. Reverse will 
happen if the negative potential on the control gridis reduced. Thus, the intensity of light spot on the 
screen can be changed by changing the negative potential on the control grid. As the electron beam 
leaves the control grid, it comes under the influence of focussing and accelerating anodes. As the two 
anodes are maintained at high positive potential, therefore, they 
produce a field which acts as an electrostatic lens to converge 0 i: 4 al 
the electron beam at a point on the screen. ae 


As the electron beam leaves the accelerating anode, it ------ sao ooo -- O 
comes under the influence of vertical and horizontal deflection arene : 
plates. If no voltage is applied to the deflection plates, the 7 = im 
electron beam will produce spot of light at the centre (point O 0; 


in Fig. 22.21) of the screen. If the voltage is applied to vertical Fig. 22.21 

plates only as shown in Fig. 22.21, the electron beam and hence 

the spot of light will be deflected upwards (point O,). The spot of light will be deflected downwards 
(point O.) if the potential on the plates is reversed. Similarly, the spot of light can be moved horizontally 
by applying voltage across the horizontal plates. 


22.15 Deflection Sensitivity of CRT 


The shift of the spot of light on the screen per unit change in voltage across the deflection plates is 

known as deflection sensitivity of CRT. For instance, if a voltage of 100 V applied to the vertical 

plates produces a vertical shift of 3 mm in the spot, then deflection sensitivity is 0.03 mm/V. In general, 
Spot deflection = Deflection sensitivity x Applied voltage 


The deflection sensitivity depends not only on the design of the tube but also on the voltage 
applied to the accelerating anode. The deflection sensitivity 1s low at high accelerating voltages and 
vice-versa. 


Example 22.11. The deflection sensitivity of a CRT is 0.01 mm/V. Find the shift produced in the 
spot when 400 V are applied to the vertical plates. 


Solution. As voltage is applied to the vertical plates only, therefore, the spot will be shifted 
vertically. 
Spot shift = deflection sensitivity x applied voltage 


= 0.01 x 400=4 mm 


Example 22.12. The deflection sensitivity of a CRT is 0.03 mm/V. If an unknown voltage is ap- 
plied to the horizontal plates, the spot shifts 3 mm horizontally. Find the value of unknown voltage. 


Solution. Deflection sensitivity = 0.03 mm/V 


Spot shift = 3mm 


Now, spot shift = deflection sensitivity x applied voltage 
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spot shift 3mm 


deflection sensitivity ~ 0.03 mm/V saan 


Applied voltage = 


22.16 Applying Signal Across Vertical Plates 


If a sinusoidal voltage is applied to the vertical deflection plates, it will make the plates alternately 
positive and negative. Thus, in the positive half of the signal, upper plate will be positive and lower 
plate negative while in the negative half-cycle, the plate polarities will be reversed. 


SCREEN 
(i) (ii) (iit) 


Fig. 22.22 


The result is that the spot moves up and down at the same rate as the frequency of the applied 
voltage. As the frequency of applied voltage 1s 50 Hz, therefore, due to persistence of vision, we will 
see a continuous vertical line 2 - 1 - 4 on the screen as shown in Fig. 22.22 (iii). The line gives no 
indication of the manner in which the voltage is alternating since it does not reveal the waveform. 


22.17 Display of Signal Waveform on CRO 


One interesting application of CRO is to present the wave shape of the signal on the screen. As 
discussed before, if sinusoidal signal is applied to the vertical deflection plates, we get a vertical line. 
However, it is desired to see the signal voltage variations with time on the screen. This is possible 
only if we could also move the beam horizontally from left to right at a uniform speed while it is 
moving up and down. Further, as soon as a full cycle of the signal is traced, the beam should return 
quickly to the left hand side of the screen so that it can start tracing the second cycle. 


SCREEN 
(i) (ii) 
Fig. 22.23 


In order that the beam moves from left to right at a uniform rate, a voltage that varies linearly 
with time should be applied to the horizontal plates. This condition 1s exactly met in the saw tooth 
wave shown 1n Fig. 22.23 (i). 


When time t = 0, the negative voltage on the horizontal plates keep the beam to the extreme left 
on the screen as shown in Fig. 22.23 (ii). As the time progresses, the negative voltage decreases 
linearly with trme and the beam moves towards right forming a horizontal line. In this way, the saw- 
tooth wave applied to horizontal plates moves the beam from left to right at a uniform rate. 
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22.18 Signal Pattern on Screen 


If the signal voltage 1s applied to the vertical plates and saw-tooth wave to the horizontal plates, we 
get the exact pattern of the signal as shown in Fig. 22.24. When the signal is at the instant 1, its 
amplitude is zero. But at this instant, maximum negative voltage 1s applied to horizontal plates. The 
result is that the beam is at the extreme left on the screen as shown. When the signal is at the instant 
2, its amplitude is maximum. However, the negative voltage on the horizontal plates is decreased. 
Therefore, the beam is deflected upwards by the signal and towards the right by the saw tooth wave. 
The result is that the beam now strikes the screen at point 2. On similar reasoning, the beam strikes 
the screen at points 3, 4 and 5. In this way, we have the exact signal pattern on the screen. 


SAWTOOTH 
WAVE 


Fig. 22.24 


22.19 Various Controls of CRO 


In order to facilitate the proper functioning of CRO, various controls are provided on the face of 
CRO. A few of them are given below: 

(i) Intensity control. The knob of intensity control regulates the bias on the control grid and 
affects the electron beam intensity. If the negative bias on the grid is increased, the intensity of elec- 
tron beam 1s decreased, thus reducing the brightness of the spot. 

(ii) Focus control. The knob of focus control regulates the positive potential on the focussing 
anode. If the positive potential on this anode 1s increased, the electron beam becomes quite narrow 
and the spot on the screen is a pin-point. 

(iii) Horizontal position control. The knob of horizontal position control regulates the ampli- 
tude of d.c. potential which is applied to the horizontal deflection plates, in addition to the usual 
saw-tooth wave. By adjusting this control, the spot can be moved to right or left as required. 

(iv) Vertical position control. The knob of vertical position control regulates the amplitude of 
d.c. potential which is applied to the vertical deflection plates in addition to the signal. By adjusting 
this control, the image can be moved up or down as required. 


22.20 Applications of CRO 


The modern cathode ray oscilloscope provides a powerful tool for solving problems in electrical 
measurements. Some important applications of CRO are : 

1. Examination of waveforms 

2. Voltage measurement 

3. Frequency measurement 
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A.F. 
OSCILLATOR 


VERTICAL 
INPUT TERMINALS 


Vv) 


OSCILLOSCOPE 


Fig. 22.25 


1. Examination of waveform. One of the important uses of CRO 1s to observe the wave 
shapes of voltages in various types of electronic circuits. For this purpose, the signal under study is 
applied to vertical input (i.e., vertical deflection plates) terminals of the oscilloscope. The sweep 
circuit is set to internal so that sawtooth wave 1s applied to the horizontal input i.e. horizontal deflec- 
tion plates. Then various controls are adjusted to obtain sharp and well defined signal waveform on 
the screen. 

Fig. 22.25 shows the circuit for studying the performance of an audio amplifier. With the help of 
switch §, the output and input of amplifier is applied in turn to the vertical input terminals. If the 
waveforms are identical in shape, the fidelity of the amplifier is excellent. 


2. Voltage measurement. As discussed before, if the signal is applied to the vertical deflec- 
tion plates only, a vertical line appears on the screen. The height of the line 1s proportional to peak- 
to-peak voltage of the applied signal. The following procedure 1s adopted for measuring voltages 
with CRO. 

(i) Shut off the internal horizontal sweep generator. 

(ii) Attach a transparent plastic screen to the face of oscilloscope. Mark off the screen with 
vertical and horizontal lines in the form of graph. 


(iii) Now, calibrate the oscilloscope against a known voltage. Apply the known voltage, say 
10 V, to the vertical input terminals of the oscilloscope. Since the sweep circuit 1s shut off, you will get 
a vertical line. Adjust the vertical gain till a good deflection 1s obtained. Let the deflection sensitivity 
be V volts/mm. 


(iv) Keeping the vertical gain unchanged, apply the unknown voltage to be measured to the 
vertical input terminals of CRO. 


(v) Measure the length of the vertical line obtained. Let it be / mm. 
Then, Unknown voltage = 1x Vvolts 


3. Frequency measurement. The unknown frequency can be accurately determined with the 
help of a CRO. The steps of the procedure are as under : 

(i) A known frequency is applied to horizontal input and unknown frequency to the vertical 
input. 

(ii) The various controls are adjusted. 

(ii) A pattern with loops 1s obtained. 
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(ty) The number of loops cut by the horizontal line gives the frequency on the vertical plates (f,) 
and the number of loops cut by the vertical line gives the frequency on the horizontal plates (f,,). 


i, _ No.of loops cut by horizontal line 
ie No. of loops cut by vertical line 


For instance, suppose during the frequency measurement test, a pattern shown in Fig. 22.26 is 
obtained. Let us further assume that frequency applied to horizontal plates 1s 2000 Hz. If we draw 
horizontal and vertical lines, we find that one loop is cut by the horizontal line and two loops by the 


vertical line. Therefore, 


f, _ No. of loops cut by horizontal line 
i No. of loops cut by vertical line 
ae | 
er 2000 «(2 
or f, = 2000 x 1/2 = 1000 Hz 


i.e. Unknown frequency is 1000 Hz. 

Example 22.13. In an oscilloscope, 200 V, 50 Hz signal produces a 
deflection of 2 cm corresponding to a certain setting of vertical gain 
control. If another voltage produces 3 cm deflection, what is the value 
of this voltage ? 

Solution. Deflection sensitivity = 200 V/2 cm = 100 V/cm 

Unknown voltage = D. 8S. x deflection = 100 x3 = 300V 


Fig. 22.26 


Example 22.14. When signals of different frequencies were applied to the vertical input termi- 
nals of oscilloscope, the patterns shown in Fig. 22.27 were obtained. If the frequency applied to 
horizontal plates in each case is 1000Hz, determine the unknown frequency. 


C) © Monn 


(ii) (iii) 
Fig. 22.27 


Solution. 
(i) The number of loops cut by horizontal and vertical line 1s one. 


Jy = 1 or f, = fy = 1000 Hz 
fy! 


(ii) The number of loops cut by horizontal line is 2 and the number of loops cut by vertical line 


is 1. 
f, — 2 = = —— 
— = 7 or f, = 2x f, = 2x 1000 = 2000 Hz 
fy] 
(iii) The number of loops cut by the horizontal line 1s 6 and that by vertical line is 1. 
Iie ez, © 
Su : 


or f, = ©f, = ©x 1000 = 6000 Hz 


Electronic Instruments @ 623 


MULTIPLE-CHOICE QUESTIONS 


1. An ammeter is connected 1n ............... with 
the circuit element whose current we wish 
to measure. 


(i) series 

(ii) parallel 
(iii) series or parallel 
(iv) none of the above 


2. A galvanometer in series with a high resis- 
tance 1s Called. hae es 
(4) an ammeter (ii) a voltmeter 
(iii) awattmeter (iv) none of the above 
3. An ammeter should have ............... resis- 
tance. 
(ii) very large 
(iv) none of the above 


(i) infinite 
(iii) very low 
4. A voltmeter is connected in ............... with 
the circuit component across which poten- 
tial difference 1s to be measured. 


(i) parallel 
(ii) series 


(iii) series or parallel 
(iv) none of the above 
5. A voltmeter should have .............. resistance. 
(i) zero (ii) very high 


(iii) very low (iv) none of the above 


6. The sensitivity of a multimeter is given in 


(7) 92 
(iii) kQ/V 
7. If the full-scale deflection current of a mul- 
timeter 1s 50 WA, its sensitivity 18 ............... 
(i) 10kQ/V (ii) 100 kQ/V 
(iii) 50 kQ/V (iv) 20 kQ/V 
8. If a multimeter has a sensitivity of 1000 Q 
per volt and reads 50 V full scale, its inter- 
nal resistance IS............... 


(ii) amperes 
(iv) none of the above 


(Gi) 20 kQ (ii) 50 kQ 
(iii) 10kQ (iv) none of the above 
9. A VIVM has ............... input resistance than 


that of a multimeter. 
(ii) less 


(iv) none of the above 


(i) more 
(iii) same 


10. The input resistance of a VITVM is about 


(i) 1000 Q (ii) 10kQ 

(iii) 20 kQ (iv) 10 MQ 
11. If the negative potential on the control grid 
of CRT is increased, the intensity of spot 


(i) 1S increased 
(ii) 18 decreased 
remains the same 
(iv) none of the above 
12. For display of signal pattern ............... volt- 
age 1s applied to the horizontal plates of a 
CRO. 
(i) sinusoidal (ii) rectangular 
(iii) sawtooth (iv) none of the above 
13. Two multimeters A and B have sensitivities 
of 10 kQ/V and 30 kQ/V respectively. Then 


(i) multimeter A is more sensitive 
(ii) multimeter B is more sensitive 
both are equally sensitive 
(iv) none of the above 
14. A galvanometer of resistance G is shunted 

by a very small resistance S. The resistance 
of the resulting ammeter 1s ............... 


(i) —GS_ (ii) G+S 

G + 
(iii) G-S 
15. A VTVM 1s never used to measure ............... 


(iv) none of the above 
(i) voltage (ii) current 
(iii) resistance (iv) none of the above 
16. The sensitivity of a voltmeter which uses a 
100 pA meter movement is ............... 
(i) 1kQ/V (ii) 10 kQ/V 
(iii) 5 kQ/V (iv) data insufficient 
17. What is the total resistance of a voltmeter 
on the 10 V range when the meter move- 
ment is rated for 50 A of full-scale current ? 


(i) 10kQ (ii) 20 kQ 
(iii) 200 kQ (iv) none of the above 
18. The material used to coat inside face of CRT 
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(i) carbon (ii) sulphur 


(iii) silicon (iv) phosphorus 


19. When an ammeter is inserted in the circuit, 


25. Which of the following 1s likely to have the 
largest resistance ? 


(i) voltmeter of range 10 V 
(ii) moving coil galvanometer 


the circuit current will ............... (iii) ammeter of range 1A 
(i) increase (iv) acopper wire of length 1 m and diam- 
(ii) decrease eter 3 mm 
(iii) remain the same 26. An ideal ammeter has............... resistance. 
(iv) none of the above (i) low (ii) infinite 
20. Aseries ohmmeter circuit uses a3 V battery (iii) Zero (iv) high 
and a 1 mA meter movement. What is the | 27. The resistance of an ideal voltmeter ts ......... 
half-scale resistance for this movement ? (i) low (ii) infinite 
(i) 3kQ (ii) 1.5 kQ (iii) zero (iv) high 
(iii) 4.5 kQ (iv) 6 kQ 28. To send 10% of the main current through a 
21. The most accurate device for measuring volt- moving coil galvanometer of resistance 
AGE IS oo... 99 Q, the shunt required ts ............... 
(i) voltmeter (ii) multimeter (i) 11 Q (ii) 9.9 Q 
(iii) CRO (iv) VITVM (iii) 100 Q (iv) 9Q 
22. The horizontal plates of a CRO are supplied | 29. A voltmeter has a resistance of G ohms and 
with ........... to observe the waveform of a range V volts. The value of resistance re- 
signal. quired in series to convert it into voltmeter 
(i) sinusoidal wave of range NV1S oe 
(ii) cosine wave (i) nG (ii) G 
(iii) sawtooth wave . 
(iv) none of the above (iii) 7] (iv) n-1)G 


23. A CRO 1s used to measute ............... 


(i) it 30. An ammeter has a resistance of G ohms and 
i) voltage 


range of J amperes. The value of resistance 
required in parallel to convert it into an am- 
meter of range n/ 1S .............0..... 


(ii) frequency 
(iii) phase (iv) all of above 


24. If 2 % of the main current is to be passed 


through a galvanometer of resistance G, then (i) nG (ii) (n-1)G 
resistance of the shunt required is ............. G G 
(i) G/50 (ii) G/49 (iil) 7] (iv) 7 

(iii) 49G (iv) SOG 


Answers to Multiple-Choice Questions 


. (ii) . (iii) 
. (iv) . (ii) 
. (iii) . (ii) 
. (iii) (iv) 
. (iii) (iv) 
. (ii) . o 
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~~ 
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Chapter Review Topics 


. What is a multimeter ? How does it work ? 

. What type of measurements can be made with a multimeter ? Explain with suitable diagrams. 

. Briefly explain the advantages of 20 kQ/volt multimeter as compared to a 10 kQ2/volt multimeter. 
. What are the applications of a multimeter ? 

. Discuss the advantages and disadvantages of a multimeter. 

. What is a VTVM ? Explain balanced bridge Type VTVM with a neat circuit diagram. 

. What are the applications of VTVM ? 

. Discuss the advantages and disadvantages of VTVM. 

. Briefly explain the differences between a VTVM and a multimeter. 


Explain the construction and working of a cathode ray tube. 


. How will you make the following measurements with a CRO: 


(i) voltage (ii) frequency ? 

Write short notes on the following : 
(i) Limitations of multimeter 

(ii) Advantages of oscilloscope 

(iii) Vacuum tube voltmeter 


(iv) Oscilloscope controls 


Problems 


. Avoltmeter is used to measure voltage across 20 kQ resistor as shown in Fig. 22.28. What will be the 


voltage value if (7) voltmeter has infinite resistance (ii) voltmeter has a sensitivity of 1000 Q per volt 
and reads 100 V full scale ? [@) 50 V (ii) 45 VJ 


+ 3V 15 V 50 V 


Fig. 22.28 Fig. 22.29 


. The three range voltmeter is arranged as shown in Fig. 22.29. The ranges are 0 to 3 V, 0 to 15 V and 


0 to 50 V as marked. If the full scale deflection current is 10 mA, what should be the values of R,, R, 
and R, ? The resistance of the meter is 5 Q. [305 Q, 1505 Q, 5005 Q] 


. Ifthe sensitivity of voltmeter in Fig. 22.28 1s 500 Q/volt (Full-scale reading being 100 V), what will 


be the reading of the voltmeter ? [41.7 V] 


. What is the lowest full-scale voltage that could be displayed with a 100 nA meter movement with an 


internal resistance of 150 Q ? What would be the sensitivity of this meter in ohms per volt ? 
[15 mV, 10,000 Q/V] 


. Ifa 20,000 Q/V meter with 5 kQ internal resistance is used in an ohmmeter with a 3-V-battery, what 


internal resistance is required in the meter to produce proper zeroing? [60 kQ] 


- A PMMC instrument with f.s.d. = 100 pA and R,, = 1 kQ is to be used as an a.c. voltmeter with f.s.d. 


= 100 V (r.m.s.) as shown in Fig. 22.18. Silicon diodes are used in the bridge rectifier circuit. Calcu- 
late the pointer indications for the voltmeter when the r.m.s. input voltage is (1) 75 V (ii) SOV. 


[0.75 f.s.d. ; 0.5 f.s.d.] 


. Inthe above example, calculate the voltmeter sensitivity. [9 kQ/V] 
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Discussion Questions 


Why 1s sensitivity of best multimeter not more than 20 kQ per volt ? 

Why do we generally prefer VTVM to multimeter for measurements in electronic circuits ? 
Why does oscilloscope give more accurate measurements than a VTVM ? 

What is the basic difference between vacuum tubes and cathode ray tube ? 

How can a multimeter be used for continuity checking ? 

Which would usually have more linear scales, dc or ac meters ? 

Which is more sensitive, a0 — 59 wA or a 0 —1 mA meter ? 

On a multirange ohmmeter, where is 0 Q mark ? 


1. 
2. 
3s 
4. 
3; 
6. 
ds 
8. 
9. 


What component prevents meter damage ina VTVM? 


Could a 0 — 1 mA-movement 100 — V voltmeter and a 0 — 50 nA — movement 100 — V voltmeter be 
used in series across 125 V ? 


bot 
= 
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Integrated 
Circuits 


23.1 Integrated Circuit 


23.2 Advantages and Disadvantages 
of Integrated Circuits 


23.3 Inside an IC Package 
23.4 IC Classifications 
23.5 Making Monolithic IC 


23.6 Fabrication of Components on 
Monolithic IC 


23.7 Simple Monolithic /Cs 
23.8 IC Packings 

23.9 /[C Symbols 

23.10 Scale of Integration 
23.11 Some Circuits Using ICs 


INTRODUCTION 


‘4 : Yhe circuits discussed so far in the text consisted of separately manufactured components (e.g. 
resistors, capacitors, diodes, transistors etc.) joined by wires or plated conductors on printed 
boards. Such circuits are known as discrete circuits because each component added to the 

circuit 1s discrete (i.e. distinct or separate) from the others. Discrete circuits have two main disadvan- 
tages. Firstly, in a large circuit (e.g. TV circuit, computer circuit) there may be hundreds of compo- 
nents and consequently discrete assembly would occupy a large space. Secondly, there will be hun- 
dreds of soldered points posing a considerable problem of reliability. To meet these problems of 
space conservation and reliability, engineers started a drive for miniaturized circuits. This led to the 
development of microelectronics 1n the late 1950s. 


Microelectronics is the branch of electronics engineering which deals with micro-circuits. A 
micro-circuit is simply a miniature assembly of electronic components. One type of such circuit 1s 
the integrated circuit, generally abbreviated as JC. An integrated circuit has various components 
such as resistors, capacitors, diodes, transistors etc. fabricated on a small semiconductor chip. How 
circuits containing hundreds of components are fabricated on a small semiconductor chip to produce 
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an /C 1s a fascinating feat of microelectronics. This has not only fulfilled the everincreasing demand 
of industries for electronic equipment of smaller size, lighter weight and low power requirements, but 
it has also resulted in high degree of reliability. In this chapter, we shall focus our attention on the 
various aspects of integrated circuits. 


23.1 Integrated Circuit 


An integrated circuit is one in which circuit components 
such as transistors, diodes, resistors, capacitors etc. are 
automatically part of a small semiconductor chip. 


lq¢——_. 0.2 mm ———__ > 


An integrated circuit consists of a number of circuit 
components (e.g. transistors, diodes, resistors etc.) and 
their inter connections 1n a single small package to per- 
form a complete electronic function. These components 
are formed and connected within a small chip of semi- 
conductor material. The following points are worth not- * 
ing about integrated circuits : Fig. 23.1 


(i) In an JC, the various components are automati- 
cally part of a small semi-conductor chip and the individual components cannot be removed or re- 
placed. This is in contrast to discrete assembly in which individual components can be removed or 
replaced if necessary. 


(ii) The size of an *JC is extremely small. In fact, /Cs are so small that you normally need a 
microscope to see the connections between the components. Fig. 23.1 shows a typical semi-conduc- 
tor chip having dimensions 0.2 mm x 0.2 mm x 0.001 mm. It is possible to produce circuits contain- 
ing many transistors, diodes, resistors etc. on the surface of this small chip. 


(iit) No components of an JC are seen to project above the surface of the chip. This is because all 
the components are formed within the chip. 


23.2 Advantages and Disadvantages of Integrated Circuits 


Integrated circuits free the equipment designer from the need to construct circuits with individual 
discrete components such as transistors, diodes and resistors. With the exception of a few very 
simple circuits, the availability of a large number of low-cost integrated circuits have largely rendered 
discrete circuitry obsolete. It1is, therefore, desir- 
able to mention the significant advantages of 1n- 
tegrated circuits over discrete circuits. However, 
integrated circuits have some disadvantages and 
continuous efforts are on to overcome them. 

Advantages : Integrated circuits possess the 
following advantages over discrete circuits : 

(i) Increased reliability due to lesser num- 
ber of connections. 

(ii) Extremely small size due to the fabrica- 
tion of various circuit elements in a single chip 
of semi-conductor material. 


integrated circuits 


(iii) Lesser weight and **space requirement 
due to miniaturized circuit. 


° Since it combines both active (e.g., transistors, diodes etc.) and passive elements (e.g., resistors, capaci- 
tors etc.) in a monolithic structure, the complete unit is called an integrated circuit. 


** Typically, this is about 10% of the space required by comparable discrete assembly. 
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(iv) Low power requirements. 

(v) Greater ability to operate at extreme values of temperature. 

(vi) Low cost because of stmultaneous production of hundreds of alike circuits on a small sem1- 
conductor wafer. 

(vit) The circuit lay out is greatly simplified because integrated circuits are constrained to use 
minimum number of external connections. 


Disadvantages : The disadvantages of integrated circuits are : 

(i) If any component in an IC goes out of order, the whole IC has to be replaced by the new one. 

(ii) In an JC, it is neither convenient nor economical to fabricate capacitances exceeding 30 pF. 
Therefore, for high values of capacitance, discrete components exterior to /C chip are connected. 

(iii) It is not possible to fabricate inductors and transformers on the surface of semi-conductor 
chip. Therefore, these components are connected exterior to the semi-conductor chip. 


(iv) It is not possible to produce high power ICs (greater than 10 W). 


(v) There is a lack of flexibility in an /Ci.e., itis generally not possible to modify the parameters 
within which an integrated circuit will operate. 


23.3 Inside an IC Package 


The /C units are fast replacing the discrete components in all electronic equipment. These are similar 
to the discrete circuits that they replaced. However, there are some points to be noted. An integrated 
circuit 7C) usually contains only transistors, diodes and resistors. It is usually very difficult to form 
inductors in an JC. Also, only very small capacitors, in the picofarad range, can be included. When 
inductors and large values of C are needed, they are connected externally to an JC. The various 
components in an JC are so small that they cannot be seen with a naked eye. Therefore, individual 
components cannot be removed or replaced. If a single component within an JC fails, the complete IC 
is replaced. When studying circuits using C's, we are more concerned with the external connections 
to the 7Cs than with what 1s actually going on inside. We cannot get into an JC to repair its internal 
circuitry. 
23.4 IC Classifications 
Four basic types of constructions are employed in the manufacture of integrated circuits, namely ; 
(1) mono-lithic (7) thin-film (ai) thick-film (iv) hybrid. 
Monolithic /Cs are by far the most common type used 1n practice. Therefore, in this chapter we 
shall confine our attention to the construction of this type of /Cs only. It may be worthwhile to 
mention here that regardless of the type of method used to fabricate active and passive components, 


the basic characteristics and circuit operation of an JC are the same as for any of their counterparts in 
a similar circuit using separate circuit components. 


23.5 Making Monolithic IC 


A monolithic IC is one in which all circuit components and their inter-connections are formed ona 
single thin wafer called the substrate. 

The word monolithic 1s from Greek and means “one stone.” The word is appropriate because all 
the components are part of one chip. Although we are mainly interested in using /Cs, yet it is profit- 
able to know something about their fabrication. The basic production processes for the monolithic 
ICs are as follow : 

(i) p-Substrate. This is the first step in the making of an JC. A cylindrical p-type *silicon 
crystal is grown having typical dimensions 25 cm long and 2.5 cm diameter [See Fig. 23.2 (i)]. The 
crystal is then cut by a diamond saw into many thin wafers like Fig. 23.2 (ii), the typical thickness of 


. Since silicon possesses characteristics which are best suited to JC manufacturing processes. 
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the wafer being 200 um. One side of wafer is polished to get rid of surface imperfections. This wafer 
is called the substrate. The /Cs are produced on this wafer. 


2. em 


200 um 


p-SUBSTRATE 


| 


WAFER 


p-TYPE SILICON CRYSTAL 
(i) (ii) 
Fig. 23.2 


(ii) Epitaxial n layer. The next step is to put the wafers in a diffusion furnace. A gas mixture 
of silicon atoms and pentavalent atoms is passed over the wafers. This forms a thin layer of n-type 


SiO, LAYER 
EPITAXIAL LAYER v 
v 1 um 
10 um ¥ 
S p-SUBSTRATE p-SUBSTRATE 


(7) (ii) 
Fig. 23.3 


semi-conductor on the heated surface of substrate [See Fig. 23.3 () |. This thin layer is called the 
*epitaxial layer and 1s about 10 um thick. It is in this layer that the whole integrated circuit is formed. 


(ii) Insulating layer. In order to prevent the contamination of the epitaxial layer, a thin SiO, 
layer about 1m thick is deposited over the entire surface as shown 
in Fig. 23.3 (ii). This is achieved by passing pure oxy gen over the 
epitaxial layer. The oxy gen atoms combine with silicon atoms to CHIP 
form a layer of silicon dioxide (SiO,). 


(iv) Producing components. By the process of **diffu- 
sion, appropriate materials are added to the substrate at specific 
locations to produce diodes, transistors, resistors and capacitors. 
The production of these components on the wafer is discussed in 
Art 23.6. 


(v) Etching. Before any impurity is added to the substrate, 
the oxide layer (i.e. SiO, layer) is etched. The process of etching 
exposes the epitaxial layer and permits the production of desired 
components. The terminals are processed by etching the oxide 
layer at the desired locations. 


(vi) Chips. In practice, the wafer shown in Fig. 23.4 1s di- 
vided into a large number of areas. Each of these areas will be a 
separate chip. The manufacturer produces hundreds of alike ICs 
on the wafer over each area. To separate the individual /Cs, the 


* The word “epitaxial” is derived from the Greek language and means arranged upon. 


** In IC construction, diffusion is the process of deliberately adding controlled impurities at specific loca- 
tions of substrate by thermal processes. 
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wafer is divided into small chips by a process similar to glass cutting. This is illustrated in Fig. 23.4. 
It may be seen that hundreds of alike JCs can be produced from a small wafer. This simultaneous 
mass production is the reason for the low cost of integrated circuits. 


After the chip is cut, it is bonded to 1ts mounting and connections are made between the JC and 
external leads. The /C is then encapsulated to prevent it from becoming contaminated by the sur- 
rounding atmosphere. 


23.6 Fabrication of Components on Monolithic IC 


The notable feature of an /C 1s that it comprises a number of circuit elements inseparably associated 
in a single small package to perform a complete electronic function. This differs from discrete assem- 
bly where separately manufactured components are joined by wires. We shall now see how various 
circuit elements (e.g. diodes, transistors, resistors etc.) can be constructed in an JC form. 


p-SUBSTRATE 


p-SUBSTRATE 


(i) (ii) (iii) 
WINDOW 
UMMM“ 
p-SUBSTRATE p-SUBSTRATE p-SUBSTRATE 
(iv) (v) (vi) 
Fig. 23.5 


(i) Diodes. One or more diodes are formed by diffusing one or more small n-type deposits at 
appropriate locations on the substrate. Fig. 23.5 shows how a diode is formed on a portion of sub- 
strate of amonolithic JC. Part of SiO, layer is etched off, exposing the epitaxial layer as shown in Fig. 
23.5 (i). The wafer is then put into a furnace and trivalent atoms are diffused into the epitaxial layer. 
The trivalent atoms change the exposed epitaxial layer from n-type semi-conductor to p-type. Thus 
we get an island of n-type material under the SiO, layer as shown in Fig. 23.5 (ii). 


Next pure oxygen is passed over the wafer to form a complete SiO, layer as shown in Fig. 23.5 
(iii). Ahole 1s then etched at the centre of this layer ; thus exposing the n-epitaxial layer [See Fig. 23.5 
(iv)]. This hole in SiO, layer is called a window. Now we pass trivalent atoms through the window. 
The trivalent atoms diffuse into the epitaxial layer to form an island of p-type material as shown in 
Fig. 23.5 (v). The SiO, layer is again formed on the wafer by blowing pure oxy gen over the wafer 
[See Fig. 23.5 (vi)]. Thus a p-n junction diode 1s formed on the substrate. 

The last step is to attach the terminals. For this purpose, we etch the SiO, layer at the desired 
locations as shown in Fig 23.6 (i). By depositing metal at these locations, we make electrical contact 
with the anode and cathode of the integrated diode. Fig. 23.6 (ii) shows the electrical circuit of the 
diode. 
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p-SUBSTRATE 


(7) (ii) 
Fig. 23.6 
(ii) Transistors. Transistors are formed by using the same principle as for diodes. Fig. 23.7 
shows how a transistor 1s formed on a portion of the substrate of a monolithic JC. For this purpose, 
the steps used for fabricating the diode are carried out upto the point where p island has been formed 
and sealed off [See Fig. 23.5 (vi) above]. This Fig. is repeated as Fig. 23.7 (i) and shall be taken as the 
starting point in order to avoid repetition. 
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Fig. 23.7 


A window is now formed at the centre of SiO, layer, thus exposing the p-epitaxial layer as shown 
in Fig. 23.7(ii). Then we pass pentavalent atoms through the window. The pentavalent atoms diffuse 
into the epitaxial layer to form an island of n-type material as shown in Fig. 23.7 (iii). The SiO, layer 
is re-formed over the wafer by passing pure oxygen [See Fig. 23.7 (iv)]. The terminals are processed 
by etching the SiO, layer at appropriate locations and depositing the metal at these locations as shown 
in Fig. 23.7 (v). In this way, we get the integrated transistor. Fig. 23.7 (vi) shows the electrical circuit 
of a transistor. 


(iii) Resistors. Fig. 23.8 shows how a resistor is formed on a portion of the substrate of a 
monolithic JC. For this purpose, the steps used for fabricating diode are carried out upto the point 
where n island has been formed and sealed off [Refer back to Fig. 23.5 (iii)]. This figure is repeated 
as Fig. 23.8 (i) and shall be taken as the starting point in order to avoid repetition. 

A window is now formed at the centre of SiO, layer, thus exposing the n-epitaxial layer as shown 
in Fig. 23.8 (ii). Then we diffuse a p-type material into the n-type area as shown in Fig. 23.8 (iii). The 
SiO, layer is re-formed over the wafer by passing pure oxygen [See Fig. 23.8 (iv)]. The terminals are 
processed by etching SiO, layer at two points above the p island and depositing the metal at these 
locations [See Fig. 23.8 (v)]. In this way, we get an integrated resistor. Fig. 23.8 (vi) shows the 
electrical circuit of a resistor. 
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Fig. 23.8 


The value of resistor is determined by the material, its length and area of cross-section. The 
high-resistance resistors are long and narrow while low-resistance resistors are short and of greater 
cross-section. 
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Fig. 23.9 


(iv) Capacitors. Fig. 23.9 shows the process of fabricating a capacitor in the monolithic IC. 
The first step is to diffuse an n-type material into the substrate which forms one plate of the capacitor 
as shown in Fig. 23.9 (i). Then SiO, layer is re-formed over the wafer by passing pure oxygen as 
shown in Fig. 23.9 (ii). 

The SiO, layer formed acts as the dielectric of the capacitor. The oxide layer is etched and 
terminal | is added as shown in Fig. 23.9 (iii). Next a large (compared to the electrode at terminal 1) 
metallic electrode is deposited on the SiO, layer and forms the second plate of the capacitor. The 
oxide layer is etched and terminal 2 1s added. This gives an integrated capacitor. The value of 
capacitor formed depends upon the dielectric constant of SiO, layer, thickness of SiO, layer and the 
area of cross-section of the smaller of the two electrodes. 


23.7 Simple Monolithic /Cs 


It has been seen above that individual components can be integrated in a monolithic JC. We shall now 
see how an electronic circuit comprising different components is produced in an JC form. The key 
point to keep in mind 1s that regardless of the complexity of the circuit, it 1s mainly a process of 
etching windows, forming p and nislands, and connecting the integrated components. 
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(i) Two-diode IC. Fig. 23.10 () shows a two-diode 
IC with a common anode whereas Fig. 23.10 (ii) shows a 
two-diode JC with individual anode. 


Two points are worth noting. Firstly, any circuit [ like 
the one shown in Fig 23.10 (i) or Fig 23.10 (ii)] 1s not 
integrated individually ; rather hundreds of alike circuits 
are simultaneously fabricated on a wafer. The wafer 1s 
then cut into chips so that each chip area represents one 
circuit. This is the key factor for low cost of [Cs and 1s 
exerting considerable influence on electronics engineers 
to switch over to JC technology. Secondly, /Cs are usually 
not as simple as shown in Fig. 23.10. In fact, actual ICs 
contain a large number of components. 


1 3 2 1 2 3 4 
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Fig. 23.10 


(ii) Another simple IC. Fig.23.11 shows an JC consisting of a capacitor, resistor, diode and 
transistor connected in series. The interconnection of the circuit elements is accomplished by extend- 
ing the metallic deposits from terminal to terminal of adjacent components. 


ted: 


L, I; 
Fig. 23.11 
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It is interesting to see that p substrate isolates the integrated components from each other. Thus 
referring to Fig. 23.11, depletion layers exist between p substrate and the four n islands touching it. 
As the depletion layers have virtually no current carriers, therefore, the integrated components are 
insulated from each other. 


23.8 /C Packings 


In order to protect JCs from external environment and to provide mechanical protection, various 
forms of encapsulation are used for integrated circuits. Just as with semi-conductor devices, IC 
packages are of two types viz. 


APS mm 


\ 9 mm | 
F 


4.5mm 


4 


2.5 mm 


(ii) 
Fig. 23.12 


(i) hermatic (metal or ceramic with glass) (ii) non-hermatic (plastics) 


Plastics are cheaper than hermatic but are still not regarded as satisfactory in extremes of tem- 
perature and humidity. Although /Cs appeared in the market several years ago, yet the standardisation 
of packages started only in the recent years. The three most popular types of JC packages are shown 
in Fig. 23.12. 

(i) Fig. 23.12 (i) shows TO-5 package* which resembles a small signal transistor in both ap- 
pearance and size but differs in that it has either 8, 10 or 12 pigtail-type leads. The close leads 
spacing and the difficulty of removal from a printed circuit board has diminished the popularity of 
this package with the users. 


(ii) Fig. 23.12 (i) shows a flat pack container with 14 leads, seven on each side. 
(iii) Fig. 23.12 (iii) shows the dual-in-line (DIL) pack in 14-lead version. The 14-pin DIL is the 


* This was the earliest type of package and it was natural for the semi-conductor manufactures to use 
modified transistor cases. 
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most popular form and has seven connecting pairs per side. The pairs of pins of this pack are in line 
with one another, the pins being 2.5 mm apart to allow JC to be fitted directly into the standard printed 
circuit boards. 


23.9 IC Symbols 


In general, no standard symbols exist for /Cs. Often the circuit diagram merely shows a block with 
numbered terminals. However, sometimes standard symbols are used for operational amplifiers or 
digital logic gates. Some of the symbols used with /Cs are shown below. 


4 
2 
8 
7 1 
6 
3 
5 
Fig. 23.13 Fig. 23.14 


Fig. 23.13 shows the symbol of an JC r-f amplifier containing 3 transistors, 3 resistors and 8 
terminals. Similarly, Fig. 23.14 shows an JC audio amplifier which contain 6 transistors, 2 diodes, 17 
resistors and has 12 terminals. 


23.10 Scale of Integration 


An JC chip may contain as large as 100,000 semiconductor devices or other components. The relative 
number of these components within the chip 1s given by referring to its scale of integration. The 
following terminology is commonly used. 


Scale of integration Abbreviation Number of components 


Small 1 to 20 
Medium 20 to 100 


Large 100 to 1000 
Very large 1000 to 10,000 
Super large 10,000 to 100,000 


23.11 Some Circuits Using ICs 


Integrated circuits are fairly complex because they contain a large number of circuit components 
within a small semiconductor chip. While studying circuits using Cs, we are more concerned with 
the external connections to the /C rather than what 1s actually going on inside. 


(i) IC Fixed 5-volt Voltage Regulator. The /C voltage regulator is a device that 1s used to hold 
the output voltage from a dc power supply constant as the input voltage or load current changes. For 
example, LM 309 (fixed postive) provides a+ 5 V d.c. output. This regulator is frequently used in 
digital circuits. Fig. 23.15 shows the circuit of the voltage regulator using LM 309. It is a three 
terminal device with terminals labelled as input, output and ground terminal. It provides a fixed 5 V 
between the output and ground terminals. 


* SSI stands for small scale integration. 
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Fig. 23.15 


The LM 309 has a number of advantages over the zener diode. First, it is much more accurate 
than the zener diode. Secondly, there is built-in overload protection. The LM 309 also has overheat- 
ing protection. If the internal temperature becomes excessive, it shuts off until the temperature is 
reduced, at which point it will start up again. 


(ii) IC Adjustable Voltage Regulator. Sometimes, we want a voltage regulator whose voltage 
we can vary. An example of such a voltage regulator 1s LM 317 whose schematic diagram is shown 
in Fig. 23.16. By varying the value of R., the output voltage of the regulator can be adjusted. The 
following equation is used to determine the regulated d.c. output voltage for an LM 317 regulator 


circuit : 
R 
= 125|—+4+] 


out 
l 


Example 23.1. In LM 317 voltage regulator shown in Fig. 23.16, R,is adjusted to 2.4 kQ. If the 
value of R, is 240 Q, determine the regulated d.c. output voltage for the circuit. 


Yat 


Fig. 23.16 
R 
Solution. Vo. = 1.25 (Fs ] 
1 
24kQ .) _ 
= 1.25 eae 1) = 13.75 V 


(iit) The 555 Timer as monostable multivibrator. Fig. 23.17 shows the circuit of the 555 
timer as a monostable multivibrator. The R and C are the external components whose values deter- 
mine the time 7 (in seconds) for which the circuit is on. This time 1s given by ; 


T = 1.1RC 
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Fig. 23.17 
Example 23.2. The monostable multivibrator like the one in Fig. 23.17 has the values of R = 
1.2 kQ and C = 0.1 UF. Determine the time T for which the circuit is on. 


Solution. The time 7 for which the circuit 1s on 1s given by ; 
T = 1.1RC=1.101.2x 10°) (0.1 x 10°) 
= 132x 10 °s=132 ps 
(iv) The 555 Timer as astable multivibrator. Fig. 23.18 shows the 555 timer as an astable 
multibrator. Note that the circuit contains two resistors (R, and R,) and one capacitor (C) and does 


not have an input from any other circuit. The lack of a triggering signal from an external source is the 
circuit recognition feature of the astable multivibrator. 


2 +9 V 
r) 
4 
7 
1 uF 
R, 555 3 2 Output 
6 


2 0V 
Fig. 23.18 
The time 7, for which the output 1s ‘high’ is given by ; 
T, = 0.694 (R, +R) C 
The time T, for which the output is ‘low’ is given by ; 
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T, = 0.694 R,C 
Total period T for the oscillation is 
T = T,+T,=0.694 (R, +2R,)C 
The frequency f of the astable multivibrator is given by ; 
fe 1 l _ 1.44 
T 0.694(R,+2R,)C (R,+2R,)C 
Note that f will be in Hz if resistance is in ohms and capacitance in farads. 
Example 23.3. Determine the frequency of the circuit shown in Fig. 23.18. Given that 
R, =3kQ; R, = 2.7 kQ and C = 0.033 UF: 
Solution. The frequency of the circuit 1s given by ; 


7 1.44 
~ (R,+2R,)C 
Here R,+2R, = 3kQ+2x2.7kQ=84x10Q,; 
C = 0.033 uF =0.033 x 10 °F 


1.44 
ee 3 = 


(v) Op-Amp Half-wave Rectifier. Fig. 23.19 shows the half-wave rectifier using an *Op- 
Amp. The use of Op-Amp greatly reduces the effect of diode offset voltage and allows the circuit to 
be used in the millivolt region. 


Vp 
+ Vp 
i 
0 
= Vp 


Fig. 23.19 


When the input signal goes positive, the output of Op-Amp goes positive and turns on the diode. The 
circuit then acts like a voltage follower and the positive half-cycle appears across the load resistor R,. 
On the other hand, when the input goes negative, the Op-Amp output goes negative and turns off the 
diode. Since the diode is open, no voltage appears across the load resistor R,. Therefore, the voltage 
across R, is almost a perfect half-wave signal. 

(vi) Logarithmic amplifier. A 
logarithmic amplifier produces an out- 
put voltage that is proportional to the 
logarithm of the input voltage. If you 
place a **diode in the feedback loop of 
an Op-Amp as shown mn Fig. 23.20, you 
have a log amplifier. The output is limited 
to a maximum value of about 0.7V be- 
cause the diodes logarithmic character- 
istic is limited to voltages below 0.7V. 


* — Now-a-days, Op-Amp 1s produced as an IC. 
** The forward characteristic of a diode is logarithmic upto a forward voltage of about 0.7V. 
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Also, the input must be positive when the diode 1s connected in the direction shown in Fig. 23.20. To 
handle negative inputs, you should reverse the direction of the diode. It can be shown that the output 
voltage of the circuit shown is given by ; 


V,,, = —(0.025 V) log, { Vin 
IR Rk, 


where J, = reverse leakage current of the diode 
For example, if V,, =+2 V, R, = 100 kQ and J, = 50 nA, then, 


V,,, = — (0.025) log, (| 
(50x10 ~) (100 x 10°) 
— (0.025) log, (400) =-—0.15 V 
(vit) Constant-current source. A constant current source delivers a load current /, that re- 
mains constant when the load resistance R, changes. Fig. 23.21 shows the basic circuit of a constant 
current source. Since the inverting (—) input of the Op-Amp is at virtual ground (OV), the value of J, 
is determined by V,, and R, i.e. 


Fig. 23.21 


The internal impedance of Op-Amp is extremely high (ideally infinite) so that practically all of J, 
flows through R,. Since I, = I, 


Note that load resistance R, does not appear in this equation. Therefore, the load current (/,) 1s 
independent of load resistance R,. If R, changes, J, remains constant as long as V,, and R, are held 
constant. In other words, the load 1s driven by a constant current source. 


MULTIPLE-CHOICE QUESTIONS 


1. An /Chas................. SIZE. 2. ICs are generally made of ................. 
(i) very large (i) silicon (ii) germanium 
(ii) large (iii) copper (iv) none of the above 
(iii) extremely small Oe cere ICs are the most commonly used. 
(iv) none of the above (i) thin film (ii) monolithic 


(iii) hybrid (iv) none of the above 
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4. The most popular form of JC package is| 10. /Cs are used tn ................. 
Sasoatveesaees: (i) linear devices only 


(i) DIL (ii) flatpack (ii) digital devices only 
(iii) TO-5 (iv) none of the above (iii) both linear and digital devices 
ee cannot be fabricated on an IC. (iv) none of the above 
(i) transistors (ii) diodes 11. A transistor takes .......000....... inductor on a 
(ii?) resistors silicon IC chip. 


(i) less space than 


(iv) large inductors and transformers 
(ii) more space than 


6. An audio amplifier is an example of.............. 


(i) digital JC (ii) linear IC (iii) same space as (iv) none of the above 
(iii) both digitial and linear IC 12. The most popular types of ICs are ree 
(iv) none of the above (i) thin-film (ii) hybrid 


(iii) thick-film (iv) monolithic 
13. Digital /Cs process ................. 
(i) linear signals only 
(ii) digital signals only 


7. The active components in an JC are ............. 
(i) resistors (ii) capacitors 
(iii) transistors and diodes 
(iv) none of the above 


8. We use «0.0.0.0... ICs in computers. (ii) both digital and linear signals 
(i) digital (ii) linear (iv) none of the above 
(iii) both digital and linear 14. Operational amplifiers use ................. 


(i) linear ICs (ii) digital ICs 
(iii) both linear and digital Cs 
(iv) none of the above 
15. Which of the following is most difficult to 
fabricate in an IC ? 
(i) diode (ii) transistor 
(iii) FET (iv) capacitor 


(iv) none of the above 
9. The SiO, layer in an JC acts as ................. 
(i) aresistor 
(ii) aninsulating layer 
(iii) mechanical output 
(iv) none of the above 


Answers to Multiple-Choice Questions 


yee 3. (ii) 4. (ii) 5. (iv) 
7. (iii) 8. (i) 9. (ii) 10. (iii) 
12. (iv) 13. (iii) 14. (ii) 15. (iv) 


Chapter Review Topics 


1. What is an integrated circuit ? Discuss the relative advantages and disadvantages of ICs over discrete 
assembly. 


2. How will you make a monolithic IC ? 


3. Explain how (i) a diode (ii) a transistor (iii) a resistor and (iv) a capacitor can be constructed in a 
monolithic integrated circuit. 


4. Explain how electronic circuit consisting of different components can be constructed in a monolithic IC. 
5. Write short notes on the following : 
(i) Epitaxial layer (ii) IC packages (iii) IC symbols 


Discussion Questions 
. Why are JCs so cheap ? 


. Why do /Cs require low power ? 
. Why cannot we produce /Cs of greater power ? 
. Why are /Cs more reliable than discrete assembly ? 


. Why is DIL IC package the most popular ? 


Hybrid 
Parameters 


24.1 Hybrid Parameters 

24.2 Determination of h Parameters 

24.3 h Parameter Equivalent 
Circuit 

24.4 Performance of a Linear 
Circuit in h Parameters 

24.5 The h Parameters of a 
Transistor 

24.6 Nomenclature for Transistor h 
Parameters 

24.7 Transistor Circuit Performance 
in h Parameters 

24.8 Approximate Hybrid Formulas 
for Transistor Amplifier 

24.9 Experimental Determination of 
Transistor h Parameters 


24.10 Limitations of h Parameters 


INTRODUCTION 


n order to predict the behaviour of a small-signal transistor amplifier, it is important to know its 
| = characteristics e.g., input impedance, output impedance, voltage gain etc. In the text 

so far, these characteristics were determined by using *f and circuit resistance values. This 
method of analysis has two principal advantages. Firstly, the values of circuit components are readily 
available and secondly the procedure followed is easily understood. However, the major drawback 
of this method is that accurate results cannot be obtained. It is because the input and output circuits 
of a transistor amplifier are not completely independent. For example, output current is affected by 
the value of load resistance rather than being constant at the value B/,. Similarly, output voltage has 
an effect on the input circuit so that changes in the output cause changes in the input. 

* Since transistor is generally connected in CE arrangement, current amplification factor B is mentioned 
here. 


Hybrid Parameters @ 643 


One of the methods that takes into account all the effects in a transistor amplifier is the hybrid 
parameter approach. In this method, four parameters (one measured in ohm, one in mho, two dimen- 
sionless) of a transistor are measured experimentally. These are called hybrid or / parameters of the 
transistor. Once these parameters for a transistor are known, formulas can be developed for input 
impedance, voltage gain etc.in terms of h parameters. There are two main reasons for using h param- 
eter method in describing the characteristics of a transistor. Firstly, it yields exact results because the 
inter-effects of input and output circuits are taken into account. Secondly, these parameters can be 
measured very easily. To begin with, we shall apply 4 parameter approach to general circuits and then 
extend it to transistor amplifiers. 


24.1 Hybrid Parameters 


Every *linear circuit having input and output terminals can be analysed by four parameters (one 
measured in ohm, one in mho and two dimensionless) called hybrid or h Parameters. 

Hybrid means “mixed”. Since these parameters have mixed dimensions, they are called hybrid 
parameters. Consider a linear circuit shown 


in Fig. 24.1. This circuit has input voltage ‘1 R ‘ bo 
and current labelled y, and i,. This circuit *° a+ 
also has output voltage and current labelled vy LINEAR V5 


CIRCUIT 


v, and i,. Note that both input and output cur- 
rents (i, and i,) are assumed to flow into the 
box ; input and output voltages (v, and v,) Fig. 24.1 

are assumed positive from the upper to the 

lower terminals. These are standard conventions and do not necessarily correspond to the actual 
directions and polarities. When we analyse circuits in which the voltages are of opposite polarity or 
where the currents flow out of the box, we simply treat these voltages and currents as negative quan- 
tities. 


It can be proved by advanced circuit theory that voltages and currents in Fig. 24.1 can be related 
by the following sets of equations : 


hy, iy + hyy V, ...(i) 


V7 
in = hy, i, + hy Vo .. (LL) 

In these equations, the hs are fixed constants for a given circuit and are called h parameters. 
Once these parameters are known, we can use equations (i) and (ii) to find the voltages and currents 
in the circuit. If we look at eq.(i), it is clear that **h,, has the dimension of ohm and h,, is dimension- 


less. Similarly, from eq. (ii), h,, is dimensionless and h,, has the dimension of mho. The following 
points may be noted about / parameters : 


(i) Every linear circuit has four h parameters ; one having dimension of ohm, one having di- 
mension of mho and two dimensionless. 


(ui) The h parameters of a given circuit are constant. If we change the circuit, h parameters 
would also change. 


(ut) Suppose that in a particular linear circuit, voltages and currents are related as under: 
10i, + 6v, 


i, = 4i, + 3v, 


vy 


* A linear circuit is one in which resistances, inductances and capacitances remain fixed when voltage across 
them changes. 

«The two parts on the R.H.S. of eg. (i) must have the unit of voltage. Since current (amperes) must be 
multiplied by resistance (ohms) to get voltage (volts), h,, should have the dimension of resistance i.e. 
ohms. 
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Here we can say that the circuit has parameters given by h,, = 10 Q;h,,= 6;h,, =4andh,, 
=30. 


24.2 Determination of h Parameters 
The major reason for the use of h parameters is the relative ease with which they can be measured. The 
h parameters of a circuit shown in Fig. 24.1 can be found out as under : 
(1) If we short-circuit the output terminals (See Fig. 24.2), we can say that output voltage v, =0. 
Putting v, = 0 in equations (i) and (ii), we get, 
vy, = hyith, x0 
i, = h,, i, +h, x0 


h,, = |  forv, = Oi.e. output shorted 


and h,, = |  forv, = 0 ie. output shorted 


Let us now turn to the physical meaning of h,, and h,, . Since h,, is aratio of voltage and current 
(i.é. v,/i,), it is an impedance and is called * “input impedance with output shorted”. Similarly, h,, 
is the ratio of output and input current (i.é., i,/i,), it will be dimensionless and is called “current gain 
with output shorted ”’. 


a) 


LINEAR 


LINEAR 
CIRCUIT cee CIRCUIT 


Fig. 24.2 Fig. 24.3 


(1) The other two h parameters (viz h,, and h,,) can be found by making i, = 0. This can be 
done by the arrangement shown in Fig. 24.3. Here, we drive the output terminals with voltage v,, 
keeping the input terminals open. With this set up, 7, = Q and the equations become : 


vy, = h,, x0+h,, v, 
i, = h,, xO +h,, V5 


Vv 
h,, = as fori, = Ove. input open 

l, . , 
and h,, = Y, fori, = O i.e. input open 


Since /,, 1S aratio of input and output voltages (i.e. v,/v,), itis dimensionless and is called “voltage 
feedback ratio with input terminals open”. Similarly, h,, is aratio of output current and output voltage 
(i.e. ,/V,), it will be admittance and is called “output admittance with input terminals open’. 


Example. 24.1. Find the h parameters of the circuit shown in Fig. 24.4 (i). 


* Note that v, is the input voltage and i, is the input current. Hence v,/i, is given the name input impedance. 
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Solution. The / parameters of the circuit shown in Fig. 24.4 (i) can be found as under : 


To find h,, and h,,, short - circuit the output terminals as shown in Fig. 24.4 (ii). It is clear that 
input impedance of the circuit is 10 Q because 5 Q resistance is shorted out. 


Ae h,, = 10Q 

Now current i, flowing into the box will flow through 10 Q resistor and then through the shorted 
path as shown. It may be noted that in our discussion, 1, is the output current flowing into the box. 
Since output current in Fig. 24.4 (ii) is actually flowing out of the box, i, is negative i.e., 


l, = 
h, = > = > =-l 


To find h,, and h,,, make the arrangement as shown in 
Fig. 24.4 (iii). Here we are driving the output terminals 
with a voltage v,. This sets up a current i,. Note that input 
terminals are open. Under this condition, there will be no Fig. 24.4 (iii) 
current in 10Q2 resistor and, therefore, there can be no volt- 
age drop across it. Consequently, all the voltage appears across input terminals i.e. 


VY) = Vp 
ee 
12 V> V> 


Now the output impedance looking into the output terminals with input terminals open is 
simply 5 Q. Then h,, will be the reciprocal of it because h,, is the output admittance with input 
terminals open. 

- hy, = 1/5 = 0.20 

The h parameters of the circuit are : 

h, = 1;h, = 0.20 

It may be mentioned here that in practice, dimensions are not written with h parameters. It is 

because it is understood that h,, is always in ohms, h,, and h,, are dimensionless and h,, is in mhos. 


Example 24.2. Find the h parameters of the circuit shown in Fig. 24.5 (i). 


(i) Fig. 24.5 (ii) 


Solution. First of all imagine that output terminals are short-circuited as shown in Fig. 24.5 (ii). 
The input impedance under this condition is the parameter h,,. 


Obviously, h,= 44+4114 


4x4 
4+4 


Now the input current i, in Fig. 24.5 (ii) will divide equally at the junction of 4 Q resistors so that 
output current is 7,/2 i.e. 


= 4+ =6Q 


i, = -i2 = -05i, 
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i, _ - 05% 


: =—0.5 
hy hy 


hy, = 

In order to find h,, and h,,, imagine the arrangement 

as shown in Fig. 24.5 (iii). Here we are driving the output 

terminals with voltage v,, keeping the input terminals open. 

Under this condition, any voltage v, applied to the output 
will divide by a factor 2 i.e. 


oe 

= = 0%, Fig. 24.5 (iii) 
V, O.5 v 
2 2 


Now the output impedance looking into the output terminals with input terminals open is simply 
8 Q. Then h,, will be the reciprocal of this i.e. 


1 
- 3 = 0.125 O 
24.3 h Parameter Equivalent Circuit 


Fig. 24.6 (i) shows a linear circuit. It is required to draw the Ah parameter equivalent circuit of 
Fig. 24.6 (i). We know that voltages and currents of the circuit in Fig. 24.6 (i) can be expressed in 
terms of / parameters as under : 


LINEAR 
CIRCUIT 


(ii) 


Fig. 24.6 


Fig. 24.6 (ii) shows Ah parameter equivalent circuit of Fig. 24.6 (i) and is derived from equations 
(i) and (ii). The input circuit appears as a resistance h,, in series with a voltage generator h,, v,. This 
circuit is derived from equation (i). The output circuit involves two components ; a current generator 
h,, i, and shunt resistance h,, and is derived from equation (ii). The following points are worth 
noting about the / parameter equivalent circuit [See Fig. 24.6 (ii)] : 


(i) This circuit is called hybrid equivalent because its input portion is a Thevenin equivalent, or 
voltage generator with series resistance, while output side is Norton equivalent, or current generator 
with shunt resistance. Thus it is a mixture or a hybrid. The symbol ‘h’ is simply the abbreviation of 
the word hybrid (hybrid means “mixed”’). 


(ui) The different hybrid parameters are distinguished by different number subscripts. The nota- 
tion shown in Fig. 24.6 (ii) is used in general circuit analysis. The first number designates the circuit 
in which the effect takes place and the second number designates the circuit from which the effect 
comes. For instance, h,, is the “short-circuit forward current gain” or the ratio of the current in the 
output (circuit 2) to the current in the input (circuit 1). 
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(ui) The equivalent circuit of Fig. 24.6 (ii) is extremely useful for two main reasons. First, it 
isolates the input and output circuits, their interaction being accounted for by the two controlled 
sources. Thus, the effect of output upon input is represented by the equivalent voltage generator h,,v, 
and its value depends upon output voltage. Similarly, the effect of input upon output is represented by 
current generator h, i, and its value depends upon input current. Secondly, the two parts of the circuit 
are in a form which makes it simple to take into account source and load circuits. 


24.4 Performance of a Linear Circuit in h Parameters 


We have already seen that any linear circuit with input and output has a set of h parameters. We shall 
now develop formulas for input impedance, current gain, voltage gain etc.of a linear circuit in terms 
of h parameters. 


(() Input impedance. Consider a linear circuit with a load resistance r, across its terminals as 
shown in Fig. 24.7. The input impedance Z,, of this circuit is the ratio of input voltage to input current 
i.e. 

Z, = 2 


in 
h 


Now v, = h,, i; + 4,, v, in terms of h parameters. Substituting the value of v, in the above 
expression, we get, 


hy, i, + hy Vo 
_, HR = fo 
c. i 1 .. (7) 


LINEAR 
CIRCUIT 


Fig, 24.7 


Now, 1, =h,, i; + h,, v, in terms of h parameters. Further from Fig. 24.7, it is clear that i, = 
—v,/r,. The minus sign is used here because the actual load current is opposite to the direction of i.. 


2 sp st 
ro Ay, ty + Nyy Vo ae 
hy i) = fgg vp + 2 =v 
ve Mo = A a = Yas 
L ry 
v —h 
oS ae ii) 
1 hy + — 
TL 
Substituting the value of v,/i, from exp. (ii) into exp. (i), we get, 
h,, h 
2 i = 
Zi, = My - 1 . (Ul) 
hy + — 
8 


This is the expression for input impedance of a linear circuit in terms of h parameters and load 
connected to the output terminals. If either h,, or r, is very small, the second term in exp. (iii) can be 
neglected and input impedance becomes : 


Zn = hy 
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(wz) Current Gain. Referring to Fig. 24.7, the current gain A, of the circuit is given by : 


i 
_ 4b 
Ly 
Now i, = h,, i, + h,, V5 
and Vv, = -bLr, 
i, = hy i,-hyi,r, 
or 2 = —— fa 
Ly 1+ h,, i 
But i/i, = A,, the current gain of the circuit. 
hy, 
= 1+h,r 
22 'L 


If h,, r, << 1, then A, = h,,. 

The expression A; ~ h,, is often useful. To say that h,, r, << 1 is the same as saying that 
r, << I/h,,. This occurs when r, is much smaller than the output resistance (1/h,,), shunting h,, i, 
generator. Under such condition, most of the generator current bypasses the circuit output resistance 
in favour of r,. This means that i, ~h,, i, or L/i,; ~ hy). 

(ui) Voltage gain. Referring back to Fig. 24.7, the voltage gain of the circuit is given by : 


Mo 
A, = vy, 
V5 ; 
= - & vy, = i,Z,,) .(1V) 
Zin 
While developing expression for input impedance, we found that : 
ae 
i 
Nyy + + 
TL 
Substituting the value of v./i, in exp. (iv), we get, 
A = "21 


. 1 
Z in hy + 1| 


(ty) Output impedance. In order to find the output impedance, remove the load r,, set the 
signal voltage v, to zero and connect a generator of voltage v, at the output terminals. Then / param- 
eter equivalent circuit becomes as shown in Fig. 24.8. By definition, the output impedance Z,,,, is 


Fig. 24.8 
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With v, = 0 and applying Kirchhoff’s voltage law to the input circuit, we have, 
0 = ih, +4), 


ii = - hy» V» 
hy 
Putting the value of i, (=— h,, v,/h,,) in this equation, we get, 
es = hy» Vo 
i, = hy, ( h ) +t Vo 
11 
h,,h,. v 
or i, = — — 2 4 hy» V» 


Dividing throughout by v., we have, 


Example 24.3. Find the (i) input impedance and (ii) voltage gain for the circuit shown in 


Fig. 24.9. 


Fig. 24.9 


Solution. The / parameters of the circuit inside the box are the same as those calculated in 


example 24.1 i.e. 
h,, = 10; h,, =-1 


hy = 1 and A, = 0.2 


(i) Input impedance is given by : 


= 10425 = 12.50 


By inspection, we can see that input impedance is equal to 10 Q plus two 5 Q resistances in 


parallel i.e. 


Z, = 10+5115 
5x5 
10+ 2-=> = 125Q 
OF sas 5 
(ut) Voltage gain, A, = — = = ae 
Z. C +4) 12.5 (o.2 +4 
in 22 A 5 
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It means that output voltage is one-fifth of the input voltage. This can be readily established by 
inspection of Fig. 24.9. The two 5 Q resistors in parallel give a net resistance of 2.5 Q. Therefore, we 
have a voltage divider consisting of 10 Q resistor in series with 2.5 Q resistor. 


Output voltage = ae x Input voltage 
Output voltage 5. 1 
or ——— se ————OaS ie. Se 
Input voltage 12.5 5 
Or A = 1 
5 


Comments. The reader may note that in a simple circuit like that of Fig. 24.9, itis not advisable 
to use h parameters to find the input impedance and voltage gain. It is because answers of such 
circuits can be found directly by inspection. However, in complicated circuits, inspection method 
becomes cumbersome and the use of h parameters yields quick results. 


24.5 The h Parameters of a Transistor 


It has been seen in the previous sections that every linear circuit is associated with h parameters. 
When this linear circuit is terminated by load r,, we can find input impedance, current gain, voltage 
gain, etc. in terms of h parameters. Fortunately, for small a.c. signals, the transistor behaves as a 
linear device because the output a.c. signal is directly proportional to the input a.c. signal. Under 
such circumstances, the a.c. operation of the transistor can be described in terms of h parameters. 
The expressions derived for input impedance, voltage gain efc. in the previous section shall hold 
good for transistor amplifier except that here r, is the a.c. load seen by the transistor. 


i i 
1 2 


TRANSISTOR 


ee + 
es V9 


Fig. 24.10 


Fig. 24.10 shows the transistor amplifier circuit. There are four quantities required to describe 
the external behaviour of the transistor amplifier. These are v,, i,, v, and i, shown on the diagram of 
Fig. 24.10. These voltages and currents can be related by the following sets of equations : 


vy = Ay i thy, 
iy = Ay i + hy Vy 
The following points are worth noting while considering the behaviour of transistor in terms of h 
parameters : 


(i) For small a.c. signals, a transistor behaves as a linear circuit. Therefore, its a.c. operation 
can be described in terms of h parameters. 


(ui) The value of 4 parameters of a transistor will depend upon the transistor connection (i.e. CB, 
CE or CC) used. For instance, a transistor used in CB arrangement may have h,, = 20 Q. If we use the 
same transistor in CE arrangement, h,, will have a different value. Same is the case with other h 
parameters. 
(ut) The expressions for input impedance, voltage gain etc. derived in Art. 24.4 are also appli- 
cable to transistor amplifier except that r, is the a.c. load seen by the transistor i.e. 
r, = RollR, 
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(iv) The values of h parameters depend upon the operating point. If the operating point is 
changed, parameter values are also changed. 

(v) The notations v,, i,, v, and i, are used for general circuit analysis. In a transistor amplifier, 
we use the notation depending upon the configuration in which transistor is used. Thus for CE 
arrangement, 

y= Vy ¢ hed, ¢ HEV, > DHT 
Here V,,, I,, V.. and I, are the R.M.S. values. 


24.6 Nomenclature for Transistor h Parameters 


The numerical subscript notation for h parameters (viz. h,,, h,,,h,, and h,,) is used in general circuit 
analysis. However, this nomenclature has been modified for a transistor to indicate the nature of 
parameter and the transistor configuration used. The A parameters of a transistor are represented by 
the following notation : 

(i) The numerical subscripts are replaced by letter subscripts. 

(ui) The first letter in the double subscript notation indicates the nature of parameter. 


(ui) The second letter in the double subscript notation indicates the circuit arrangement (i.e. CB, 
CE or CC) used. 


Table below shows the h parameter nomenclature of a transistor : 


Notation in CB Notation in CE Notation in CC 


Note that first letter i, r, for o indicates the nature of parameter. Thus /,, indicates input imped- 
ance and this parameter is designated by the subscript i. Similarly, letters 7; f and o respectively 
indicate reverse voltage feedback ratio, forward current transfer ratio and output admittance. The 
second letters b, e and c respectively indicate CB, CE and CC arrangement. 


24.7 Transistor Circuit Performance in h Parameters 


The expressions for input impedance, voltage gain etc. in terms of h parameters derived in Art. 24.4 
for general circuit analysis apply equally for transistor analysis. However, it is profitable to rewrite 
them in standard transistor h parameter nomenclature. 

(i) Input impedance. The general expression for input impedance is 


7 = My hy fy, 


in 11 l 


Similarly, expressions for input impedance in CB and CC arrangements can be written. It may be 
noted that r, is the a.c. load seen by the transistor. 


(i) Current gain. The general expression for current gain is 
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Using standard transistor h parameter nomenclature, its value for CE arrangement is 
Ngo 
A. = ——— 
: l+h,. rr, 
The reader can readily write down the expressions for CB and CC arrangements. 
(ut) Voltage gain. The general expression for voltage gain is 


Using standard transistor h parameter nomenclature, its value for CE arrangement is 


= h ge 


Zin (1, a 1) 
'L 


In the same way, expressions for voltage gain in CB and CC arrangement can be written. 


(iv) Output impedance. The general expression for output impedance is 


1 
an a hy, hy» 
22 
hy 
Using standard transistors h parameter nomenclature, its value for CE arrangement is 
1 
Z = =-—_ 
out 7 A fe h,. 
oe h. 


le 
In the same way, expression for output impedance in CB and CC arrangements can be written. 


The above expression for Z,,,, is for the transistor. If the transistor is connected in a circuit to 
form a single stage amplifier, then output impedance of the stage = Z,,,,, llr, where r, = Roll R;. 


out 


Example 24.4. A transistor used in CE arrangement has the following set of h parameters when 
the d.c. operating point is Vc, = 10 volts andIp = 1mA: 


h,,= 2000.8; h,, =10 mio; & = 10°; hy, = 50 
Determine (i) input impedance (ti) current gain and (iii) voltage gain. The a.c. load seen by the 


transistor is r, = 600 £2. What will be approximate values using reasonable approximations ? 


re 


Solution. (Z) Input impedance is given by : 


h,, h 3 

Zy = he -—2-#. = 2000 - 2 wi 
le seams LD ee 
ae i 600 


2000 — 28 = 1972 Q 

The second term in eq. (i) is quite small as compared to the first. 
Z,, =h;, = 2000 Q 

Nfe 50 


(i) Current gain, A, 


= —“—_ = ——__~_—__ = 47 
1+h,Xnm  1+(600x10%) 
Ifh,.r,<<1,thenA; = Ne = 50 
er ' = — hye — 50 _ 
(iil) Voltage gain, A, = ——~—*~—__ = =k. — 14.4 
1 1972 [10~ + zal 
Nie, eee 
in ( oe 1) 600 


The negative sign indicates that there is 180° phase shift between input and output. The magni- 
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tude of gain is 14.4. In other words, the output signal is 14.4 times greater than the input and it is 180° 
out of phase with the input. 

Example 24.5. A transistor used in CE connection has the following set of h parameters when 
the d.c. operating point is Vj, = 5 volts andI,= 1mA: 

hi, = 17002; = 13x10; hy = 38: h,, = 6x10 -O 

If the a.c. load r, seen by the transistor is 2 k $2, find (i) the input impedance (ii) current gain and 
(iii) voltage gain. 


Solution. (i) The input impedance looking into the base of transistor is 


hh =? 
Z.. = N= ee f = 1700 - IO oe _ s = ~ 1690 QO 
h,+— 6x10 + ——~ 
eon 2000 
h 
Pe ‘ fe 38 38 
(ii) Current gain, A; = = ———— = ~ 37.6 
? 1+h7,  14+6x10%x2000 ‘1.012 
= h _ 
(iti) Voltage gain, A, = a — = 44.4 
1) 1690 (6 x10 + 1 
Zin (1, + 1| 2000 


Example 24.6. Fig. 24.11 shows the transistor amplifier in CE arrangement. The h parameters 
of transistor are as under : 
h,, = 1500.2; hy, = 50; b, = 4X10"; hk, = SRO 
Find (i) a.c. input impedance of the amplifier (ii) voltage gain and (iii) output impedance. 
Soiution. The a.c. load r, seen by the transistor is equivalent of the parallel combination of R. 
(= 10 kQ) and R, (= 30 kQ) ie. 
RoR, _ 10x30 
Ro+R,  10+30 


= = 7.5kQ = 7500 Q 


SIGNAL 


Fig, 24.11 


(i) The input impedance looking into the base of transistor is given by : 


hh aa 

__ re fe _ 1509 - 4X10 _X9? = 1390 Q 
a 5x10~ +—— 
oe 7500 


This is only the input impedance looking into the base of transistor. The a.c. input impedance of 
the entire stage will be Z,, in parallel with bias resistors i.e. 
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Input impedance of stage = 80 x 10° 1140 x 10°111390 = 1320 


= h _ 
(ii) Voltage gain, A, = ——_——*—. = —_—_*___ =— 196 
1\ — 1390 (s x10 + 
Lin i, " 1) 7500 


The negative sign indicates phase reversal. The magnitude of gain is 196. 
(ui) Output impedance of transistor is 


1 
Dou = h,h 
h — fe “re 
oe h,, 
= raat 22720 227.272 
ea 0 age eee 


1500 
Output impedance of the stage 


= Z,,, IR, Re 
= 27.27kQ1130kQ110kQ=5.88kQ 


Example 24.7. Find the value of current gain for the circuit shown in Fig. 24.12. The h- 
parameter values of the transistor are given alongside the figure. 


h,, = 1k 
h,, = 2.5 x 10°“ 
Nye = 50 
h,. = 25 us 
Rs 
aa R, = 10kQ 
Fig. 24.12 
Solution. The current gain A, for the circuit is given by ; 
2 
i 1th. n 
Here r, = RoMWR,=4.7kQ110kQ=3.2kQ 
A 


1 + (25x 107°) (3.2 x 103) 


Note that current gain of the circuit 1s very close to the value h,,. The reason for this is that 
h,. 1, << 1. Since this is normally the case, A; ~ h,.. 


Example 24.8. In the above example, determine the output impedance of the transistor. 


Solution. Note that the signal source (See Fig. 24.12) has resistance R, = 100 Q. 
Output impedance Z_,, of the transistor is 
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Zz I 
out : Tie lye 
oe h,, ri R, 
= — 73.3 x 10? 2= 73.3kQ 
(25 x 107%) — 89) 25x10”) 


(1 x 10°) + 100 


24.8 Approximate Hybrid Formulas for Transistor Amplifier 


The h-parameter formulas (CE configuration) covered in Art. 24.7 can be approximated to a form that 
is easier to handle. While these approximate formulas will not give results that are as accurate as the 
original formulas, they can be used for many applications. 


(i) Inputimpedance 


hh 
Input impedance, Z,, = h,, — an 
h,+— 
oe ry 
In actual practice, the second term in this expression is very small as compared to the first term. 
Z,, = h,, ... approximate formula 


(uz) Current gain 


Current gain, A; = 1th, 


In actual practice, h,, r, is very small as compared to 1. 


or A, = hy, ... approximate formula 
(ui) Voltage gain 
Voltage gain, A, = a 
Lin i, r 1) 
L 
= pe TL 


Zin Noe %, + 1) 


Now approximate formula for Z,, is h,,. Also h,, r,; is very small as compared to 1. 


h, 7, 
A, = - a ... approximate formula 
ie 
(iv) Output impedance 
Output impedance of transistor, Z,,.= —_—_ 
_ fe “re 
oe h,, 
The second term in the denominator is very small as compared to h,,,. 
Lout = a ... approximate formula 


The output impedance of transistor amplifier 
= Zr, where *r,=Re|lR, 


* If the amplifier is unloaded (i.e. R, = ©), r, = Re. 
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Example 24.9. For the circuit shown in Fig. 24.13, use approximate hybrid formulas to deter- 
mine (i) the input impedance (ii) voltage gain. The h parameters of the transistor are h,, = 1.94 kQ 
and Nye = 71. 


0 +30 V 


Solution. 
a.c. collector load,r, = RoIR, =12kQ115kQ=6.67kQ 
(i) Transistor input impedance is 
Zin (base) = Mie = 1.94kQ 
Circuit inputimpedance = Z,, (pase) Il Ry IIR, 
= 194kQ1150 kQ15kQ= 1.35 kQ 
hi % 71x 6.67 kQ 


(11) Voltage gain, A, = h,, = 704 kQ = 244 


Example 24.10. A transistor used in an amplifier has h-parameter values of h,, = 600 &2 to 80082 
and h;, = 110 to 140. Using approximate hybrid formula, determine the voltage gain for the circuit. 
The a.c. collector load, r, = 460 82. 


Solution. When minimum and maximum h-parameter values are given, we should determine the 
geometric average of the two values. Thus the values that we would use in the analysis of circuit are 
found as under : 
xh, 


ie (max) 


h, = .{h 


ie ie (min) 


= 4/(600 Q) (800 Q) = 6932 


he, =f Mfe min) * Me (max) 
= ,/(110) (140) = 124 
h,r 
Voltage gain, A, = is el gO GS) = $2.3 


h, 693 


le 


24.9 Experimental Determination of Transistor h Parameters 


The determination of h parameters of a general linear circuit has already been discussed in Art. 24.2. 
To illustrate how such a procedure is carried out for a CE transistor amplifier, consider the circuit of 
Fig. 24.14. The R.M.S. values will be considered in the discussion. Using standard transistor nomen- 
clature : 


Hybrid Parameters @ 657 


...(1) 
...(iL) 


V, ~ hie I, + lye Vig 


Fig. 24.14 


(‘) Determination of h,, and h,.. In order to determine these parameters, the output is a.c. 
short circuited as shown in Fig. 24.15 (i). This is accomplished by making the capacitance of C, 
deliberately large. The result is that changing component of collector current flows through C, in- 
stead of R, and a.c. voltage developed across C, is zero i.e. *V..= 0. 


4+ Vee 


OUTPUT 
SHORTED 
Vee=) 


Fig. 24.15 (i) 


Substituting V_, = 0 in equations (i) and (ii) above, we get, 
Vis = hi. I, + Nye x 0 
I, = hal, + h, x0 


I. 
Nye = i. for V.. = 0 
Vive 
and h.. = I for V., = 0 
b 


Note that J. and J, are the a.c. R.M.S. collector and base currents respectively. Also V,, is the a.c. 
R.M.S. base-emitter voltage. 


Note that setting V., = 0 does not mean that V_, (the d.c. collector-emitter voltage) is zero. Only a.c. 
output is short-circuited. 
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(u) Determination of h,, andh.,,. In order to determine these two parameters, the input is a.c. 
open-circuited, a signal generator is applied across the output and resulting },,, )’,, and /, are mea- 
sured. This is illustrated in Fig 24.15 (ii). A large inductor L is connected in series with R,. Since the 
d.c. resistance of inductor is very small, it does not disturb the operating point. Again, a.c. current 
cannot flow through k, because of large reactance of inductor. Further, the voltmeter used to mea- 
sure J,, has a high input impedance and hence there are no paths connected to the base with any 


appreciable a.c. current. This means that base is “effectively a.c. open-circuited i.e. J, = 0. 


+ Voc 


+ 


INPUT OPEN 
(I), = 0) 


Fig. 24.15 (ii) 
Substituting /, = 0 in equations (i) and (i), we get, 
V be = hie x 0 + hye Vag 
I=h,x0+h_V 


c fe oe ce 
V 
h, = a for J, = 0 
l, 
and hi. = 7 for /, = 0 


Example 24.11. The following quantities are measured in a CE amplifier circuit : 
(a) With output a.c. short-circuited (i.e. V,, = 0) 
i, = l0ga, 1, = Ima, V,, = 10mV 
(b) With input a.c. open-circuited (i.e. I, = 0) 
V. — 063ml, — 60pa VY, — iV 
Determine all the four h parameters. 


V. —3 
Solution. h, = = _— = 1000 Q 
I, 10x10 
I 3 
h, = = =<" = 100 


fT 10x10° 


How effectively the base is a.c. open-circuited depends upon the reactance L and the input impedance 
of the voltmeter used to measure I’. 
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_ 1, _ 60x10 


Cc 


h 
oe V 1 


ce 


24.10 Limitations of h Parameters 


The h parameter approach provides accurate information regarding the current gain, voltage gain, 
input impedance and output impedance of a transistor amplifier. However, there are two major limi- 
tations on the use of these parameters. 


= 60 umho 


(i) It is very difficult to get the exact values of h parameters for a particular transistor. It is 
because these parameters are subject to considerable variation—unit to unit variation, variation due 
to change in temperature and variation due to change in operating point. In predicting an amplifier 
performance, care must be taken to use / parameter values that are correct for the operating point 
being considered. 

(i) The h parameter approach gives correct answers for small a.c. signals only. It is because a 
transistor behaves as a linear device for small signals only. 


MULTIPLE-CHOICE QUESTIONS 


1. Hybrid means ................ (ii) current gain 


(1) mixed (ii) single (iii) input impedance 
(iii) unique (iv) none of the above (iv) none of the above 
2. There are h parameters of a tran- 8. If the operating point changes, the / param- 
sistor. eters of a transiStor ................05 
(i) two (ii) four (i) also change 


(ii) do not change 
(iii) may or may not change 
(iv) none of the above 
9. The values of fh parameter of a transistor in 
CE arrangement are ....... ee. arrange- 
ment. 
(1) the same as for CB 
(ii) the same as for CC 
(iii) different from that in CB 
(iv) none of the above 
10. In order to determine h fe and h,, parameters 


(iii) three (iv) none of the above 
3. The h parameter approach gives correct re- 
SUIS TOM vcssses cub enaess 
(i) large signals only 
(ii) small signals only 
(iii) both small and large signals 
(iv) none of the above 
4. A transistor behaves as a linear device for 
(i) small signals only 
(ii) large signals only 


(iii) both small and large signals of a LANSISLOL, ...-sssessseeeee is a.c. short-cir- 
(iv) none of the above cuted. 
(i) input 


5. The parameter h,, stands for input imped- 
ANGST certteceecetencets 
(i) CB arrangement with output shorted 
(ii) CC arrangement with output shorted 
(iii) CE arrangement with output shorted 
(iv) none of the above 


(ii) output 
(iii) input as well as output 
(iv) none of the above 
11. If temperature changes, h parameters of a 
tranSiStOF 0.0... 


6. The dimensions of h,, parameter are ............. 


(i) mho (ii) ohm 
(iii) farad (iv) none of the above 
7. The parameter hy, 1s called .............00.. in 


CE arrangement with output shorted. 
(i) voltage gain 


(i) may or may not change 
(ii) do not change 
(iii) also change 
(iv) none of the above 
12. In CE arrangement, the value of input im- 
pedance is approximately equal to ..............0. 
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(i) h,, (it) h,. - —hy 
(iii) h,, (iv) none of the above (tit) hy, + Aye 
13. Using standard transistor h parameter no- (iv) none of the above 
menclature, the voltage gain in CE arrange- aoe 
MEN IS oo. ceeceeeeeeee 14. Z,,, = hie — l 
_h hs 1 
(i) —__*_~ i 
7. ( 4 1) (2) Nye Noe (ii) Ne h e 
i (iii) rh. (iv) none of the above 
(ii) =n fe | | a rrr h parameters of a transistor are 
Z ( h,. + 1) dimensionless. 
(i) four (ii) three 
(iii) two (iv) none of the above 


Answers to Multiple-Choice Questions 


(i) 2. (ii) a. (i) 4. (i) 3. (Ht) 


(il) 7. (ii) 8. (i) 9. (iii) 10. (ii) 
(iil) 12. (i) 13. (i) 14. (ii) MSs (iif) 


Chapter Review Topics 


What do you understand by hybrid parameters ? What are their dimensions ? 

How will you measure h parameters of a linear circuit ? 

Draw the h parameter equivalent circuit of a linear circuit. 

What is the physical meaning of h parameters ? 

Derive the general formula for : 

(i) input impedance (ii) current gain and (iii) voltage gain in terms of h parameters and the load. 

6. What are the notations for h parameters of a transistor when used in (i) CB (ii) CE and (iii) CC 
arrangement ? 

7. How are h parameters of a transistor measured ? 


2 yy S 


8. What are the drawbacks of h parameter approach in the design of a transistor amplifier ? 


Problems 


1. Determine the h-parameter values for the circuit shown in Fig. 24.16. 
[h,, = 8Q 5h,, =- 90.5 5h, = 0.5 5 h,, = 0.125 O] 


Fig. 24.16 


2. Measurement of a circuit gives the following h-parameters : 
h,, =10kQ;h,,=0.5 ;h,, = 100; h,,=2mS 
Find v, and i, if 7, = 1 mA and v, = 2V. 
[v,=11V ;7,=14mA] 
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- ACE amplifier has h,, = 1000, h,, = 107, hye = 100 and h,, = 12 x 10° °S. The load resistance 
= 2000 Q. Find (i) current gain (ii) voltage gain (iii) output resistance. 
[(é) 97.7 i) — 199.2 Gii) 5 x 10°Q] 
. ACE amplifier has h,, = 1500Q, hy. =-60andh,,=12.5 x 10° °S. The load resistance varies between 
5 x 10°Q and 10 x 10°Q. Find the maximum and minimum values of (i) current gain (ii) voltage gain. 
[(Z) 36.9, 26.7 (zi) 178, 123] 
. Anamplifier has values of Ro = 12 kQ, R, =4.7kQ, R, = 33 kQ, R, = 4.7 kQ andJ.=1mA.At1 mA, 
the transistor has h-parameter values of h,, = 1 kQ to 5 kQ and h, = 70 to 350. Determine the values 
of (i) input impedance (ii) voltage gain for the circuit. Use approximate hybrid formulas. 


[(i) 1.45 kQ (ii) 236.9] 


Discussion Questions 


. What is the origin of the name hybrid ? 


. Howcan we obtain an effective a.c. short-circuit across the output of an amplifier ? Does this affect 
d.c. operating conditions ? 


. When / parameters are specified for a particular transistor, the operating point is usually given. Why 
is this necessary ? 

- How can we obtain an effective a.c. open circuit at the input to an amplifier ? Does this affect d.c. 
operating conditions ? 

. Under what condition is the input impedance of a transistor equal to h,, ? 


25 
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Operational Amplifier (OP- Amp) 
Output Voltage from Op-Amp 


Bandwidth of an OP-Amp INTRODUCTION 


Frequency Response of an OP-Amp | x an operational amplifier (OP- 


Amp) was designed to perform such 
Applications of OP-Amps athematical operations as _ addition, 
Input and Output Impedance of subtraction, integration and differentiation. Hence, 
Inverting Amplifier the name operational amplifier. An operational 
amplifier is a multistage amplifier and consists of a 


Voltage Foll im ; ; Gy 
ee SNe menee differential amplifier stage, a high-gain CE amplifier 


Effect of Negative Feedback on OP- stage and class B push-pull emitter follower. An 
Amp impedances operational amplifier (OP-Amp) is an *integrated 
Summary of OP-AMP Configurations circuit and is widely used in computers, as video and 


audio amplifiers in communication electronics. 
Because of their multi-purpose use, OP-Amps are 
OP-Amp Integrator i 


Applications of Summing Amplifiers 


OP-Amp Differentiator * All the components of an OP-Amp (e.g., transistors, 
resistors etc.) are fabricated on a small chip called 


Comparator Circuits age 
integrated circuit. 


Operational Amplifiers @ 663 


used in all branches of electronics, both digital and linear circuits. In this chapter, we shall discuss 
the various aspects of operational amplifiers. 


25.1 Operational Amplifier 


An operational amplifier (OP-Amp) is a circuit that can perform such mathematical operations as 
addition, subtraction, integration and differentiation. 


Fig. 25.1 shows the block diagram of an operational amplifier. Note that OP-Amp 1s a 
multistage amplifier. The three stages are : differential amplifier input stage followed by a high-gain 
CE amplifier and finally the output stage. The key electronic circuit in an OP-Amp is the 
differential amplifier. A differential amplifier (DA) can accept two input signals and amplifies the 
difference between these two input signals. 


CLASS B 
PUSH-PULL 
Vin EMITTER Vout 


FOLLOWER 


—_———_—— | el 


Block diagram of OP-Amp 
Fig. 25.1 


The following points may be noted about operational amplifiers (OP-Amps) : 


(i) The input stage of an OP-Amp is a differential amplifier (DA) and the output stage is 
typically a class B push-pull emitter follower. 


(ii) The internal stages of an OP-Amp are direct-coupled i.e., no coupling capacitors are used. 
The direct coupling allows the OP-Amp to amplify d.c. as well as a.c. signals. 


(ii) An OP-Amp has very high input impedance (ideally infinite) and very low output 
impedance (ideally zero). The effect of high input impedance is that the amplifier will 
draw a very small current (ideally zero) from the signal source. The effect of very low 
output impedance is that the amplifier will provide a constant output voltage independent 
of current drawn from the source. 


(iv) An OP-Amp has very high *open-loop voltage gain (ideally infinite); typically more than 
200,000. 


(vy) The OP-Amps are almost always operated with negative feedback. It is because the open- 
loop voltage gain of these amplifiers 1s very high and we can sacrifice the gain to achieve 
the advantages of negative feedback including large bandwidth (BW) and gain stability 
(Refer to chapter 13 of the book). 


* The gain of an OP-Amp without feedback circuit is called open-loop gain. The gain of an OP-Amp 
with feedback circuit is called closed-loop gain. These terms were discussed in Chapter 13. 
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25.2 Differential Amplifier (DA) 


Since differential amplifier (DA) 1s key to the operation of OP-Amp, we shall discuss this circuit in 
detail. So far in the book we have considered general-purpose amplifiers. In these conventional 
amplifiers, the signal (generally single input) is applied at the input terminals and amplified output 
is obtained at the output terminals. However, we can design an amplifier circuit that accepts two 
input signals and amplifies the difference between these two signals. Such an amplifier is called a 
* differential amplifier (DA). 

A differential amplifier is a circuit that can accept two input signals and amplify the 
difference between these two input signals. 


Fig. 25.2 shows the block diagram of an ordinary amplifier. The input voltage v is amplified 
to Av where A is the voltage gain of the amplifier. Therefore, the ouput voltage is v, = Av. 


2 Vy = AV _ 
Amplifier : ‘4% Differential © Vo =A (Vy — Vo) 


Amplifier 


Fig. 25.2 Fig.25.3 


Vo © 


Fig. 25.3 shows the block diagram of a differential amplifier. There are two input voltages v, 
and v,. This amplifier amplifies the difference between the two input voltages. Therefore, the output 
voltage 1s v) = A(v, — v,) where A is the voltage gain of the amplifier. 


Example 25.1. A differential amplifier has an open-circuit voltage gain of 100. The input 
signals are 3.25 V and 3.15V: Determine the output voltage. 
Solution. 
Output voltage, v, = A(v, — v,) 
Here, A= 100 >¥) = 3.29 Vi9,=3.:15V 
Vo = 100(3.25 — 3.15) = 10V 
25.3 Basic Circuit of Differential Amplifier 


Fig. 25.4(7) shows the basic circuit of a differential amplifier. It consists of two transistors Q, 
and Q, that have identical (ideally) characteristics. They share a common positive supply **Vac, 
common emitter resistor R,, and common negative supply I. Note that the circuit is symmetrical. 
Fig. 25.4(i7) shows the symbol of differential amplifier. 


The following points may be noted about the differential amplifier : 


(i) The differential amplifier (DA) is a two-input terminal device using atleast two transistors. 
There are two output terminals marked | (v,,, ,) and 2(v,,4 3). 


The name is appropriate because the amplifier is amplifying the difference between the 
two input signals. 


** Note that for this circuit, we need two supply voltages viz. + )’.. and —}7,,. The negative terminal of 


Voc 18 grounded and positive terminal of }’,,, 1s grounded. 


(it) 


(iii) 


(iv) 


(v) 


25.4 
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40 


INPUTS OUTPUTS 


02 


(7) 


Fig. 25.4 


The DA transistors Q, and Q, are matched so that their characteristics are the same. The 
collector resistors (R., and R,,) are also equal. The equality of the matched circuit 
components makes the DA circuit arrangement completely symmetrical. 

We can apply signal to a differential amplifier (DA) in the following two ways : 

(a) The signal is applied to one input of DA and the other input is grounded. In that case, 
it is called single-ended input arrangement. 

(b) The signals are applied to both inputs of DA. In that case, it 1s called dual-ended or 
double-ended input arrangement. 

We can take output from DA in the following two ways : 

(a) The output can be taken from one of the output terminals and the ground. In that case, 
it is called single-ended output arrangement. 

(b) The output can be taken between the two output terminals (7.e., between the collectors 
of Q, and Q,). In that case, it is called double-ended output arrangement or 
differential output. 

Generally, the differential amplifier (DA) is operated for single-ended output. In other 

words, we take the output either from output terminal | and ground or from output 

terminal 2 and ground. Any input/output terminal that is grounded is at OV”. 


Operation of Differential Amplifier 


For *simplicity, we shall discuss the operation of single-ended input (i.e., signal is applied to one 
input of DA and the other input is grounded) and double-ended output DA. 


(i) 


Suppose the signal 1s applied to input | (i.e., base of transistor Q,) and input 2 (i.e., base 


of transistor Q,) 1s grounded as shown in Fig. 25.5. The transistor QO, will act in two ways : as a 
common emitter amplifier and as a common collector amplifier. As a common emitter amplifier, the 
input signal to Q, (input |) will appear at output | (e., collector of Q,) as amplified inverted signal 
as shown in Fig. 25.5. As acommon collector amplifier, the signal appears on the emitter of Q, in 
phase with the input and only slightly smaller. Since the emitters of Q, and Q, are common, the 


* The operation of double-ended input DA will then be easier to understand. 
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emitter signal becomes input to Q,. Therefore, QO, functions as a *common base amplifier. As a result, 
the signal on the emitter of Q, will be amplified and appears on output 2 (i.e., collector of Q,) in phase 
with the emitter signal and hence in phase with the input signal (signal at input 1). This 1s illustrated 
in Fig. 25.5. 


4. Vic 


Fig. 25.5 


(tt) Now suppose the signal is applied to input 2(i.e., base of transistor Q,) and input | (base of 
transistor Q,) is grounded. As explained above, now Q, acts as a common emitter amplifier and 
common collector amplifier while Q, functions as a common base amplifier. Therefore, an inverted 
and amplified signal appears at output 2 (i.e., at collector of Q,) and non-inverted, amplified signal 
appears at output l(7.e., at collector of Q,). This is illustrated in Fig. 25.6. 


Vcc 


OUTPUT 
Voutl \ 1° 


Fig. 25.6 
The following points are worth noting about single-ended input DA : 


(a) When signal is applied to input | @.e., base of transistor Q, in Fig. 25.5), an inverted, 
amplified signal appears at output | and non-inverted, amplified signal appears at output 
2. Reverse happens when signal 1s applied to input 2 and input | is grounded. 


* In acommon base amplifier, output signal is in phase with the input signal. Recall that only in CE 
amplifier, the output voltage is 180° out of phase with the input voltage. 
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(6) When only one output terminal 1s available, the phase of the output of single-ended input 
DA depends on which input receives the input signal. This 1s illustrated in Fig. 25.7. 


+Voc +Voo 


7 Vor 
(7) Noninverting input (ii) Inverting input 
Fig. 25.7 


When signal applied to the input of DA produces no phase shift in the output, it 1s called non- 
inverting input [See Fig. 25.7 (i)]. In other words, for noninverting input, the output signal is in 
phase with the input signal. When the signal applied to the input of DA produces 180° phase shift, 
it is called inverting input [See Fig. 25.7 (ii)]. In other words, for inverting input, the output signal 
is 180° out of phase with the input signal. Since inverting input provides 180° phase shift, it 1s often 
identified with —sign. The noninverting input is then represented by +*sign. It may be noted that 
terms noninverting input and inverting input are meaningful when only one output terminal of DA is 
available. 


25.5 Common-mode and Differential-mode Signals 


The importance of a differential amplifier lies in the fact that the outputs are proportional to the 
difference between the two input signals. Thus the circuit can be used to amplify the difference 
between the two input signals or amplify only one input signal simply by grounding the other input. 
The input signals to a DA are defined as : 


(i) Common-mode signals (1) Differential-mode signals 


(i) Common-mode signals : When the input signals to a DA are in phase and exactly equal in 
amplitude, they are called common-mode signals as shown in Fig. 25.8. The common-mode signals 
are rejected (not amplified) by the differential amplifier. It 1s because a differential amplifier 
amplifies the difference between the two signals (v, — v,) and for common-mode signals, this 
difference is zero. Note that for common-mode operations, v, = v,. 


(ii) Differential-mode signals. When the input signals to a DA are 180° out of phase and 
exactly equal in amplitude, they are called differential-mode signals as shown in Fig. 25.9. 


The differential-mode signals are amplified by the differential amplifier. It is because the 
difference in the signals is twice the value of each signal. For differential-mode signals, v, =—,. 
* Note that in Fig. 25.7, the noninverting input terminal is given the +ve sign while the inverting input 
terminal is given the —ve sign. 


Vy 
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i) 


vi ee 
t bo t {p- 
Common-mode signals Differential-mode signals 
Fig. 25.8 
differential-mode signals while it will reject the common-mode signals. 


Fig. 25.9 
Thus we arrive at a very important conclusion that a differential amplifier will amplify the 
input signals to a DA are defined as : 


25.6 Double-ended Input Operation of DA 


A differential amplifier (DA) has two inputs so that it can simultaneously receive two signals. The 
(i) Duifferential-mode signals 


(ii) Common-mode signals 
signals are equal in magnitude and have the same phase. 


The differential-mode signals are equal in amplitude but 180° out of phase. The common-mode 


signals are applied to the inputs of DA as shown in Fig. 25.10 (i). 
l 


(i) Differential input. In this mode (arrangement), two opposite-polarity (180° out of phase) 
Vin I ] 


Zz 
(i) Differential inputs 


1 


(iv) Total outputs due to differential inputs. 
Fig. 25.10 
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As we shall see, each input affects the *outputs. Fig. 25.10 (i) shows the output signals due to 
the signal on input | acting alone as a single-ended input. Fig. 25.10 (iii) shows the output signals 
due to the signal on **input 2 acting alone as a single-ended input. Note that in Figs. 25.10 (if) and 
(iii), the signals on output | are of the same polarity. The same is also true for output 2. By 
superimposing both output 1 signals and both output 2 signals, we get the total outputs due to 
differential inputs [See Fig. 25. 10(iv)]. 


(ii) Common-mode input. In this mode, two signals equal in amplitude and having the same 
phase are applied to the inputs of DA as shown in Fig. 25.11(). 


2 


(i) Common-mode inputs 
1 


out 1 


<f> Vv 
DB) \ ] Vout 2 


(ii) Outputs due to v,,, 


1 
Vout 1 


ON 


(iii) Outputs due to v,,, 


OV 
Output signals of equal 
amplitude but opposite 
phase cancel producing 
OV on the outputs. 

OV 


Vin 2 


(iv) Outputs cancel when common-mode signals are applied. 


Fig. 25.11 


* Note that in all the Figures in Fig. 25.10, the phase of the input signal is given in the circle and the 
phase shift in the output signal is given at the output terminals. Thus in Fig. 25.10 (72), the output signal 
at terminal 1 is 180° out of phase with the input signal. On the other hand, the output signal at terminal 
2 is in phase with the input signal. 

** Note that a DA amplifies (v, — v,). For Fig. 25.10 (i), v.41 — Vino = Vin) ~— 9 = Vinye For Fig. 25.10 (iii), 


=0-y. ais eC 
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Again, by considering each input signal acting alone, the basic operation of DA 1n this mode can 
be explained. Fig. 25.11 (ii) shows the output signals due to the signal on only input | while Fig. 25.11 
(iii) shows the output signals due to the signal on only input 2. Note that the corresponding signals on 
output | are of the opposite polarity and so are the ones on output 2. When these are superimposed, 
they cancel, resulting in zero output voltage as shown in Fig. 25.11 (iv). 


It 1s important to note that common-mode signals are rejected by DA. This action 1s called 
common-mode rejection. Most of noises and other unwanted signals are common-mode signals. 
When these unwanted signals appear on the inputs of a DA, they are virtually eliminated on the output. 


25.7 Voltage Gains of DA 


The voltage gain of a DA operating 1n differential mode 1s called differential-mode voltage gain and 
is denoted by A,,,. The voltage gain of DA operating in common-mode is called common-mode 
voltage gain and is denoted by 4,4, 

Ideally, a DA provides a very high voltage gain for differential-mode signals and zero gain for 
common-mode signals. However, practically, differential amplifiers do exhibit a very small 
common-mode gain (usually much less than 1) while providing a high differential voltage gain 
(usually several thousands). The higher the differential gain w.r.t. the common-mode gain, the better 
the performance of the DA in terms of rejection of common-mode signals. 


25.8 Common-mode Rejection Ratio (CMRR) 


A differential amplifier should have high differential voltage gain (4,,,) and very low common- 
mode voltage gain (A,,,). The ratio A,, /A;,,18 called common-mode rejection ratio (CMRR) i.e., 


A 
CMRR = — 
Act 


Very often, the CMRR is expressed in decibels (dB). The decibel measure for CMRR is given by; 


A 
CMRR» = 201089 re = 20log, ,CMRR 


CM 
The following table shows the relation between the two measurements : 
CMRR CMRR jp 
10 20dB 
10° 60dB 
10° 100dB 
10 140dB 


Importance of CMRR. The 
CMRR is the ability of a DA to 
reject the common-mode signals. 
The larger the CVMRR, the better the 
DA 1s at eliminating common-mode 
signals. Let us illustrate this point. 
Suppose the differential amplifier 
in Fig. 25.12 has a differential 
voltage gain of 1500 (.e., Ap, = 
1500) and a common-mode gain of 
0.01 (.e., Ay, = 0.01). 


+V 


Vana OV 


out 


|] 


—V 
Fig. 25.12 
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CMRR = ae 150,000 
0.01 
This means that the output produced by a difference between the inputs would be 150,000 
times as great as an output produced by a common-mode signal. 


The ability of the DA to reyect common-mode signals 1s one of its main advantages. Common- 
mode signals are usually undesired signals caused by external interference. For example, any RF 


signals picked up by the DA inputs would be considered undesirable. The CVMRR indicates the DA’s 
ability to reject such unwanted signals. 


Practical Illustrations. Fig. 25.13 shows how a differential amplifier (DA) rejects hum and 
static voltages induced into its input leads. 


+ = 
Signal to be amplified Induced hum Input 1 
(i) Signal input to input | 
+ = 
Signal to be amplified Induced hum Input 2 


(ii) Signal input to input 2 


+ 


Input 1 Input 2 Differential signal (input) 


(iii) Differential input signal 
Fig. 25.13 


(i) In Fig. 25.13(i), the signal is applied to input | of the DA. However, a low frequency hum 
voltage is also induced into the lead wire. This hum 1s produced due to building and collapsing 
magnetic field generated by adjacent conductor carrying 50Hz current. The resultant waveform is 
shown in Fig. 25.13 (i). If this waveform 1s amplified by a conventional amplifier, the 50 Hz hum 
in the output will be stronger than the desired signal. 
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Low voltage differential amplifier for test and measurement applications. 
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(ii) However, a DA also has second input (input 2). Therefore, the lead of second input has the 
same phase 50 Hz hum induced into it. This is the only voltage (i.e., hum) applied to input 2 as 
shown in Fig. 25.13(ii). 

(iii) As shown in Fig. 25.13 (iii), the hum components of the two inputs form a common-mode 
signal which 1s largely rejected by the DA. If the input hum signals are equal at the input, then 
differential input to DA will be devoid of hum. Therefore, the amplified output of DA will be free 
from the hum. 

Note : We have considered the ideal case i.e. A,,, = 0. Even in a practical case, the value of 
A 71s less than | while A,,, is over 200. This means that the desired signal would be over 200 times 
larger than the hum at the output terminal. 

Example 25.2. A certain differential amplifier has a differential voltage gain of 2000 and a 
common mode gain of 0.2. Determine CMRR and express it in dB. 


A 2000 
Solution. CMRR = —“4==— = 10,000 
Any, 0.2 


CMRR,, = 20 log,, 10,000 = 80dB 


Example 25.3. A differential amplifier has an output of 1V with a differential input of 10 mV 
and an output of 5 mV with a common-mode input of 10 mV: Find the CMRR in dB. 


Solution. Differential gain, A,,,= 1V/10 mV = 100 
Common-mode gain, A,,, = 5mV/10 mV =0.5 
CMRR, = 20 log,, (100/0.5) = 46 dB 


Example 25.4. A differential amplifier has a voltage gain of 150 and a CMRR of 90 aB. The 
input signals are 50 mV and 100 mV with I mV of noise on each input. Find (i) the output signal (ii) 
the noise on the output. 


Solution. 
(i) Output signal, v., = Ap fv, —v,) = 150 (00 mV —- 50 mV) =7.5 V 
(il) CMRR jp = 20 logy, (150/4 a) 


or 90 = 20 log,, (50/Aa) 
; Acy = 4.7.x 107 
Noise on output = A,,,x 1 mV =4.7 x 10° x ImV=4.7x 10° V 


Example 25.5. The differential amplifier shown in Fig. 25.14 has a differential voltage gain of 
2500 and a CMRR of 30,000. A single-ended input signal of 500 uV r.m.s. is applied. At the same 
time, 1); 50 Hz interference signal appears on both inputs as a result of radiated pick-up from the 
a.c. power system. 


(i) Determine the common-mode gain. 
(ii) Express the CMRR in dB. 
(iii) Determine the rm.s. output signal. 


(iv) Determine the r.m.s. interference voltage on the output. 


Fig. 25.14 
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Solution. (i) CMRR = —4 
Acu 
Any _ 2500 
Aca = GVRR- 30,000 owes 
(ii) CMRR ,, = 20 log,, (30,000) = 89.5 dB 


(iii) In Fig. 25.14, the differential input voltage is the difference between the voltages on input | 
and that on input 2. Since input 2 is grounded, its voltage is zero. 
Differential input voltage = 500 pV —0 = 500 nV 
The output signal in this case is taken at output 1. 
= Ap, x (500 pV) = (2500 x 500) WV = 1.25 V 
(iv) The common-mode input is | Vr.m.s. and the common-mode gain is A, = 0.083. 
Noise on the output = 4,,,x (1 V) = (0.083) (LV) = 83 mV 


25.9 D.C. Analysis of Differential * Voc 
Amplifier (DA) 


When no signal is applied to a DA, d.c. or 
quiescent conditions prevail in the circuit. 
From the transistor circuit theory, we can find 
*bias voltages and bias currents in the circuit. 
Fig. 25.15 shows the basic arrangement for an 
npn differential amplifier. Typical circuit v, 
values have been assumed to make the 
treatment illustrative. The circuit is 4949 
symmetrical i.e., the transistors Q, and Q, are 
identical; collector loads are equal (R,, = Re.) 
and base resistors R, are equal. We assume that 


Voutl 


base current is very small so that we can ignore 
the voltage drops across base resistors i.e., 


Vp, =Vy, 2 **0V Fig. 25.15 
Now V =) 07 =) 30," =0 7 SS 07 V 
Vy = Vm =V7=-0.7V 
+ Voltage across R, = Vy_n—V opp 
CurrentinR,,/[, = a 
E 


* Bias voltages and currents mean d.c. values. 
** As we shall see, for the considered circuit values, J,, = 1p, = 2.86 pA. 


Base voltage, IV’, =I, X Rp = 2.86 pA X 10 kQ =28.6 mV. Compared to the —15V of V’,,, this is 
a negligible amount of voltage. 
*** Vpn — 9.7 V. There is a plus-to-minus drop in going from the base to emitter. Since base voltage is OV, 
Ve==0,7-¥, 
+ | Applying Kirchhoff’s voltage law to the loop consisting of }7,,, the base-emitter junction of Q, and 
Rp, we have, 


Vere ~ Ver Vee —re~ Ven Ving — 90> Vig — Ving 
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The current through the emitter resistor R, is called ‘tail current. For the circuit values 
considered in Fig.25.15, we have, 
Von ~) pp — (5 -0.7)V 


Tail current, J, = = 0.572 mA 
Ry 25 kQ 
Because of the symmetry in the circuit, /,, must split equally between Q, and Q,,. 
Iz 0.572mA 
lm = l= Pan = 0.286 mA 
Now Lo, = Lg = 0.286 mA ; J, = 1, = 0.286 mA 
Io, 0.286 mA Les 
Also i = B 100 = 2.86 pA ; J, = BB 7 2.86 WA 
Voy = Vee le Re, = 15 V - 0.286 mA x 10kQ = 12.1 V 
Vong = Voe-leg Rey = 15 V—- 0.286 mA x 10 kQ = 12.1 V 


Note that bold type results are bias voltages or bias currents. An important point to see 1s that 
Vo, = Von = 12.1 V. It means that there is no potential difference between the collectors. Therefore, 
the differential d.c. output for a balanced DA 1s zero. 

Example 25.6. Find the bias voltages and currents for the differential amplifier circuit shown 
in Fig. 25.16. 

Solution. Note that there is no resistor in the collector circuit of Q,. This makes no difference 
in the values of the two collector currents because the collector currents are determined by the 
emitter circuit, not the collector circuit. This arrangement will only affect J’.,. Because of 
symmetry in the base-emitter circuits of Q, and Q,, we have, 


Fig. 25.16 


Ignoring the base current, the emitter voltage for both transistors 1s 7, =— 0.7 V. 
Vow ~b pp — 2-0.7V 
R, 25k 
= Ip = I,/2 = 0.452 mA/2 = 0.226 mA 


= 0.452 mA 


Now, Tail current, J, 


* If you look at the circuit, you can see that emitter resistor R,, 1s like a tail. 


cp = Ley = 0.226 mA Cr Lo, = Lp, and I, = Ip) 
Ip, = Ipy = 0.226 mA/B= 0.226 mA/100 = 2.26 pA 

Vo = Vee = 12V Ven = Veo —leRe = 12—-0.226mA x 10kQ= 9.7V 
Example 25.7. In Fig. 25.17, the transistors are identical with B,, = 100. Find the output 
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Now, I 


voltage. 
+15V 
33 kQ 
Fig. 25.17 
ert (15 —0.7)" 
tion. = —Hh BEN = 99 053 
Solution Tail current, J, R, 15 kO 0.953 mA 


Since the transistors are identical, the tail current J, splits equally between the two transistors. 
Therefore, emitter current of each transistor = 0.953 mA/2 = 0.477 mA. 


Since I, = Ip =0.477 mA, V,,,= Voo—IpRe = 15 — 0.477 mA x 15 kQ = 7.85 V 


out 
Example 25.8. In Fig. 25.17, the transistors are identical except for B,,. The left transistor has 
Buc = 90 and the right transistor has B,, = 110. Find (i) base currents (ii) base voltages. Assume 
Van — OV. 
Ve —Ven _ 05- OF 
R, + 15kQ 


Therefore, the emitter current in each transistor = 1/2 = 0.5 mA. 


Solution. (@) Tail current, J, = = |lmA 


The base current in the left transistor is 
Ip, = 90.5 mA/90 = 5.56 pA 
The base current 1n the right transistor is 
Inn = 0.5 mA/I10 = 4.55 pA 
(it) Voltage on left base, 1,, = —*(5.56 WA) x (33 kQ) = —0.183 V 
Voltage on right base, 17, = -(4.55 pA) x (33 kQ) =-0.15 V 
Since the transistors are not identical, the base currents and base voltages are different. 
Example 25.9. Most differential amplifiers are biased with a current source as shown in Fig. 


25.18. Find the bias currents and voltages. 


* Note that for the ideal case, emitter of each transistor is at OV. 
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+ Voc 
+ 15V 


-15V 
— Vee 


Fig. 25.18 
Solution. In this circuit, the current /,, 1s given by the current source. Ignoring base current, the 


potential at each emitter is J, = -0.7 V. 
Emitter current in each transistor = /,/2 = 1mA/2 = 0.5 mA 
Also Io, = Lg = 90.5 mA ; IQ, = Ip = 0.5 mA 
Vo. = Vao=15-0.5 mA x 10kQ = 10V 
Example 25.10. Fig. 25.19 shows a differential amplifier constructed with pnp transistors. 


Find the bias currents and voltages. 
+ Voc 
+ 12V 


25 kQ B = 100 


~12V 
— Vee 


Fig. 25.19 


Solution. For the pnp transistor, the emitter voltage (I’,) is a diode drop above the base 


voltage. Therefore, ]7,=+ 0.7 V. 


Van = Ve 12-O0.7V 
Tail current, /, = Oo = = 0.452 mA 
E 


Current in each emitter of transistor = 0.452 mA/2 = 0.226 mA 
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Now, Lo, = Lp, = 9.226 mA and /., ~/,. = 0.226 mA 
Voy = Vp =—-12V V0, = Vig tle Rey =—12 + 0.226 mA x 10kQ =-9.74.V 


25.10 Overview of Differential Amplifier 


Fig. 25.20 shows double-ended input and single-ended output differential amplifier (DA). In other 
words, there are two input signals and one output signal. 4A DA is *normally operated in this 
fashion. When input signal v, Gnput |) is applied, the output signal is in phase with the input signal 
i.e., there is no phase shift in the output signal. For this reason, input signal v, is called non- 
inverting input. When input signal v, (input 2) 1s applied, the output signal is 180° out of phase with 
the input signal. For this reason, input signal v, is called inverting input. 


+ Voc 


Noninverting 


~ Vout 


Inverting 


= Vee 
Fig. 25.20 Fig. 25.21 


The differential amplifier amplifies the difference between the two input voltages. This point is 
illustrated in Fig. 25.21. The difference between the input voltages is v,, =v, —v, i.e., 


vin Yh 
where v, = the voltage applied to the noninverting input 
v, = the voltage applied to the inverting input 


Vv the difference voltage that will be amplified 


It is important to remember that the differential amplifier is amplifying the difference between 
the input terminal voltages. 


25.11 Parameters of DA (or OP-amp) due to Mismatch of 
Transistors 


Our discussion on the differential amplifier (DA) has been based on the assumption that the 
transistors are perfectly matched i.e., they have exactly the same electrical characteristics. In 
practice, this cannot happen. There will always be some difference between the characteristics of 
the two transistors. This leads us to the following two parameters of DA (or OP— amp) : 


1. Output offset voltage 2. Input offset current 


1. Output Offset Voltage. Even though the transistors in the differential amplifier are very 
closely matched, there are some differences in their electrical characteristics. One of these 
differences is found in the values of I’’,,, for the twso transistors. When /,,, # V,,5, an imbalance 
is created in the differential amplifier. The DA (or OP-amp) may show some voltage at the output 


* One input can be grounded (i.e., at OV). 
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even when the voltage applied between two input terminals is zero. This is called output offset 
voltage. This point 1s illustrated in Fig. 25.22. Note that with the inputs of DA grounded, the output 
shows a measurable voltage. This voltage is a result of the imbalance in the differential amplifier, 
which causes one of the transistors to conduct harder than the other. 


+V 


+V 


out(offset) 


ut|-—o 


V. = 


10 


—\V/ I —V V out(offset) 
= A 


Fig. 25.22 Fig. 25.23 
There are several methods that may be used to eliminate output offset voltage. One of these 1s 
to apply an input offset voltage between the input terminals of DA (or OP- amp) so as to make 


output OF" as shown in Fig. 25.23. The value of input offset voltage (I’,.) required to eliminate the 
output offset voltage is given by; 


Vo 


lV" (offset 
= el ) .A is voltage gain. 
2. Input Offset Current. When the output offset voltage of a DA (or OP- amp) is eliminated, 
there will be a slight difference between the input currents to the noninverting and inverting inputs 
of the device. This slight difference in input currents is called input offset current and is caused by 


a beta (8B) mismatch between the transistors in the differential amplifier. As an example, suppose J, 
= 75 pA and [,, = 65 pA. Then, 


In (ofte) = 75-65 = 10 pA 


The difference in the base currents indicates how closely matched the transistors are. If the 
transistors are identical, the input offset current is zero because both base currents will be equal. 
But in practice, the two transistors are different and the two base currents are not equal. 


25.12 Input Bias Current 


The inputs to an OP- amp require some amount of d.c. biasing current for the transistors in the 


differential amplifier. The input bias current 1s defined as the average of the two d.c. base currents 


i.€., R, 


: _ I apt I BD 
in(bias) 2 
For example, if J,, = 85 pA and J,, = 75 pA, then the 
input bias current 1s 
85 +75 
L inbias) 7 2 — SOLA 

This means that when no signal 1s applied, the inputs 
of OP- amp (i.e., DA) will draw a d.c. current of 80 WA. 

The fact that both transistors in the differential 
amplifier require an input biasing current leads to the 
following operating restriction : An OP- amp will not Fic. 25.24 
work if either of its inputs is open. For example, look ieee 


=V 


if 
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at the circuit shown 1n Fig. 25.24. The *non-inverting input 1s shown to have an open between the 
OP- amp and ground. The open circuit would not allow the d.c. biasing current required for the 
operation of the differential amplifier (The transistor associated with the inverting input would 
work but not the one associated with the non-inverting input). Since the differential amplifier 
would not work, the overall OP-amp circuit would not work. Thus an input bias current path must 
always be provided for both OP-amp inputs. 


Example 25.11. In Fig. 25.25, the left transistor has B,, = 90 and the right transistor has B ,. 
= 110. Find (i) the input offset current (ii) input bias current. Neglect Vz, 
Solution. 


+15V 


Vian —V d5—-—O)V 
(i) Tailcurrent, J, = > ai IMO = 15 pA 
E 


The emitter current in each transistor is 
i =i p= i2 = IA HS Toe 


The base current in the left transistor is 


Input offset current is given by; 
L ntoffset) ~ 4p) — Lp = 83.3 - 68.2 = 15.1 nA 


1 


—-15V 
(ii) The input bias current is the average of the two base currents. Fig, 25.25 
. Ty +1p. 83.3 + 68.2 
Input bias current, Ji ngiasy = a an a 
Example 25.12. The data sheet of an IC OP-amp gives these values : Lin ogo = 20 nA and 
Li nbias) — 89 nA. Find the values of two base currents. 


Solution. An J;,,,g;:0+) Of 20 nA means that one base current 1s 20 nA greater than the other. 
There is no way to tell which of the two base currents will be greater. It can go either way in mass 
production. Assume that /,, 1s greater than /,,. Then, 


= 75.8 nA 


I 
fa, = Lingbiasy + = = 80nA + a =90 nA 
l, 20nA 
_ in(offset) _ nN = 


If [,, 18 greater than /,,, then the values are reversed i.e., /,, = 70 nA and J,, = 90 nA. 


Example 25.13. /n Fig. 25.26, what is the output offset voltage if In yiqs) = 80 nA and I. vopzet) 
= 20 nA? Assume that voltage gain is A = 150. Assume only B ,, differences exist. 
Solution. The two base resistors are equal ; each being 100 kQ. 
Input offset voltage, V.= 1 in(offset) * Rz = (20 nA) (100 kQ) = 2 mV 


Output offset voltage, I”, , (offset) =AxJ’,=150x2mV=0.3V 


* Recall that +sign indicates noninverting input and —sign indicates inverting input. 


680 @ Principles of Electronics 
+15V 


out 


100 kQ 


—-15V 
Fig. 25.26 


25.13 A.C. Analysis of Differential Amplifier 


A differential amplifier (DA) has a noninverting input and an inverting input. Fig. 25.27 shows the 
differential amplifier (DA) that is used in JC OP- amps. Note the circuit has double-ended input and 
single-ended output. 

+Voc 


- Vice 


-_ VEE 


Fig. 25.27 Fig. 25.28 


If you look at the differential amplifier circuit in Fig. 25.27, it responds to the difference 
between the voltages at the two input terminals. In other words, DA responds to v,, (= v, — v5). 
Therefore, the circuit shown in Fig. 25.27 can be drawn as shown in Fig. 25.28. 


Ideally (.e., 1,18 negligible), the tail current J, in Fig. 25.27 is J,,= 17,,/R,. Once the values 
of I’, and R,, are set, the tail current is constant. Therefore, to simplify a.c. analysis, we can replace 
the tail current by a current source (/,,) as shown in Fig. 25.29. This will simplify the a.c. analysis of 
the circuit with almost no loss of accuracy. 
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Fig. 25.29 Fig. 25.30 


A.C. Equivalent Circuit. We can easily find the a.c. equivalent circuit of differential amplifier by 
applying the usual rules to Fig. 25.29. The rules are to short all the capacitors, and reduce all d.c. 
sources to zero. Since a differential amplifier has no capacitors, all that we have to do is to reduce 
the d.c. sources to zero. Reducing a voltage source to zero is equivalent to replacing it by a short. 
Reducing a current source to zero 1s equivalent to opening it. In Fig. 25.29, this means ground the 
Voc point, ground the J’,,, point and open the current source. Applying these conditions to 
Fig. 25.29, we get the a.c. equivalent circuit of differential amplifier shown in Fig. 25.30. 


Voltage gain. Fig. 25.30 shows the a.c. equivalent circuit of a differential amplifier. This is 
how a differential amplifier looks to an a.c. signal. Note that 7, (= 25 mV/d.c. emitter current) is the 
a.c. emitter resistance. Since the two 7s are in series, the same a.c. emitter current exists in both 
transistors. The a.c. emitter current 1s given by; 


This expression 1s easy to remember because it is almost identical to a CE amplifier where 7, = 


v,/r,. The only difference is the factor 2 because a differential amplifier uses two transistors. 


The a.c. collector current 1s approximately equal to the a.c. emitter current i.e. i, = i,. 


ae _ Vin p oe os 
Output voltage, v,, = iRe= 77Ke ee eee 
2r, 2r, 
Vv R 
Voltage gain,A = “=—S 
Vin 2r, 


This gain of DA 1s referred to as differential-mode voltage gain and is usually denoted by 4,,,. 
Ae 
yi 


Input impedance. The a.c. emitter current is given by; 


Differential voltage gain, A,,, = 


Vin 


1 — 
e 2r 


/ 
4 


=Bi, (. i, = Bi, =i, 
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Vv. 
~ = 26r 


by 
Now i, 1s the a.c. input current to the differential amplifier. Therefore, v,/i, is the input 
impedance. 
- Input impedance, Z, = 2Br' 
Example 25.14. What is v,, in Fig. 2.31 when (i) v,,= ImV (ii) v,,=—lmV ? 


+ 15V 


Fig. 25.31 
Solution. The ideal tail current, J, = },/R,_= 15 V/IMQ = 15 pA. Therefore, d.c. emitter current 


in each transistor = J, = Ip) = 1/2 = 15 pA/2 =7.5 pA. 
25 mV 
a.c. emitter resistance, 4, = 7——— = au = 3.33 kQ 
Ty Ol = T75pA 


| , | Ro 1MQ 
Differential voltage gain, Anys= 5,7 ~ 94333 kO 50 


(i) Output voltage =A,,,Xv,, = 150 x (ImV)= 150 mV =0.15 V 
(ii) Output voltage, v,.=Ap Xv, = 150 x (-l mV)=— 0.15 V 
Example 25.15. For the circuit shown in Fig. 25.32, find (i) input impedance (ii) differential 


voltage gain. 
Solution. 


(i) Tail current, J, 
Rr 
s ee tion 
100 kQ 


The d.c. emitter current in each transistor 1s 
Ty = Lp/2 = 113 pA/2 = 56.5 pA 


a , . 2mV — 25mV ere 
a.c. emitter resistance, 7, = ork, orl, 565A 


lm = 
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Input impedance, Z, = 2Br,=2x220x 442 Q 
194 x 10°Q = 194 kQ 


Output 


o—12V 
—Vee 


Fig. 25.32 


; Roy Or Rey 120 kQ 
(i) Differential voltage gain, Any= 97 7 ye aa Q = 136 


Example 25.16. For the circuit shown in Fig. 25.33, find the differential-mode voltage gain. 


Solution. Because we are taking the output from Q.,, there is no need for collector resistor on Q,. 
To find the relevant bias currents, we set the input sources to OV, connecting the two bases to 


ground. 
+Voco 


+12V 


Fig. 25.33 
Von —Vpp _02-0.1)V 
Tail current, I, = “p= —— = 0.0565 mA 
EB 


Therefore, emitter current in each transistor is 
Im = Lg = [p/2 = 0.0565 mA/2 = 0.0283 mA 
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2;mV = 25mV 
La 0.0283 mA 


Re 100 kQ 
Differential voltage gain, Any, = 5,7 ~ 9 x%9834Q = 6-6 


a.c. emitter resistance, 1, = = 883.4 Q 


25.14 Common-mode Voltage Gain (Ag) 


The common-mode signals are equal in amplitude and have the same phase. Fig. 25.34(7) shows the 
common-mode operation of a differential amplifier (DA). Note that the same input voltage, v,,,cxp 
is being applied to each base. Ideally, there is no a.c. output voltage with a common-mode input 
signal. It is because a differential amplifier 1s designed to respond to the difference between two 
input signals. If there 1s no difference between the inputs, the output of DA 1s zero. In practice, the 
two halves of the differential amplifier are never completely balanced and there 1s a very small a.c. 
output voltage for the common-mode signal. 
+ Voc + Vee 


> Vin(cm) 


Vin(CM) Vin(CM) 


7 VEE 


(i1) 


Fig. 25.34 


The circuit shown in Fig. 25.34) can be redrawn as shown in Fig. 25.34(i/). In this equivalent 
circuit, the two parallel resistances of 2 RK, produce an equivalent resistance of R,. Therefore, this 
equivalent circuit will not affect the output voltage. Assuming identical transistors, the two emitter 
currents will be equal and produce the same voltage across emitter resistors. Therefore, there 1s no 
current through the wire between the emitters. We can remove this wire and the circuit becomes as 
shown in Fig. 25.35 (i). 

A.C. equivalent circuit. To get the a.c. equivalent circuit, we can reduce both supply voltages 
to zero i.e., we ground each supply point. Replacing the transistors by their a.c. equivalent circuits, 
we get a.c. equivalent circuit of differential amplifier for commom-mode operation as shown in Fig. 
25.35 (ii). We can derive the voltage gain of an *unbypassed CE circuit. Here we will use 2 RK, in 
place of R,. 


Common-mode voltage gain, A, = 


* We have derived the voltage gain of bypassed capacitor CE amplifier in Art. 10.13 as: A,= Ro/r% . 
Without bypass capacitor, the emitter is no longer at a.c. ground. Instead, R, 1s seen by the a.c. signal 


between the emitter and ground and effectively adds to r, in the above formula. Therefore, voltage 
R 
gain without the bypass capacitor becomes: 4, =——— < 
r,t, 


@ 
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> Vin(CM) Vin(CM) € 


(ii) 
Fig. 25.35 
25 mV 
d.c. emitter current 
In most cases, 7“, is very small as compared to R,, it (4) is dropped from the formula. 
Ro 
Acyy 7) Ry 


where r, = ac. emitter resistance = 


The common-mode voltage gain (4,,,,) is very small. For example, a typical DA may have R= 150 


kQ and R= 143 kQ. 
Ro 150 kQ 
= = 0.52 


dou = 2R.~ 2x143kQ~ 
Example 25.17. Calculate the CMRR for the circuit measurements shown in Fig. 25.36. 


Vo 
-8V Vy 
=i1mvV 
Fig. 25.36 


Solution. Fig. 25.36(7) shows the differential-mode operation whereas Fig. 25.36(i7) shows the 
common-mode operation. Referring to Fig. 25.36(/), v,, = 0.5 — (0.5) = ImV. 


Vv 8V 
— 9 ~_°" _ 9900 
Differential voltage gain, A,,, a 
Referring to Fig. 25.361), “Vincyy = mV 
I2mV _ 


Commom-mode voltage gain, A,,,= 12 


ImV 


* Since the output voltage is 12mV, the common-mode signals are not exactly equal in magnitude. 


686 @ Principles of Electronics 


lI 
| 
a 
a 
- 
Ny 


CMRR = 417 = 


We can express CMRR in dB. 
CMRR jp = 20log,,CMRR = 20 log, 666.7 = 56.48 dB 


Example 25.18. The data sheet of an OP-amp gives these typical values : A,,, = 200,000 and 
CMRR = 90 dB. What is the common-mode voltage gain? 


Solution. 90 dB = 20 log,, CMRR 


CMRR = antilog << = 31,623 


Any _ 200,000 
Acu = GYRR 31,623 = 


Example 25.19. <A differential amplifier has an open-circuit voltage gain of 100. This 
amplifier has a common input signal of 3.2 V to both terminals. This results in an output signal of 
26 mV. Determine (i) common-mode voltage gain (ii) the CMRR in aB. 


Solution. 
(i) VinicM) = 3-2 V 3 Vou: = 26 mV = 26 x 10° V 
| Vor 26x10 
Common-mode voltage gain, A,,,= =— 7, = 0.0081 
Vin(CM) 3.2 
A 100 
. = 20log,, ““ = 20log,, —— =81.8 ¢ 
(11) CMRR jp O10 Anny O10 0.008] $1.8 dB 


Example 25.20. For the circuit shown in Fig. 25.37, find (i) the common-mode voltage gain 
(ii) the CMRR in aB. 


Voc 
+12V 


- VEE 


Fig. 25.37 


Ro _ 100kQ 


Solution. (() Common-mode voltage gain, A,,,= aR. 2x 200kQ = 0.25 
x 
E 
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(ii) In order to find differential voltage gain, we should first find d.c. emitter current. 
Von ~V pp — 12-0.7)V 
Ry 200 kQ 


Tail current, J, = = (0.0565 mA 


The d.c. emitter current in each transistor is 
Tm = Lg =Lp/2 = 0.0565 mA/2 = 0.0283 mA 


25mV 25mV 
; - = = 883.4 Q 
a.c. emitter resistance, 74 Ln 0.0283 
Re 100kQ 


Differential voltage gain, A,,, = = 56.6 


Ir 2x883.4Q 


A 56.6 
CMRR jp 2) log, i. = 20 log, 025 


25.15 Operational Amplifier (OP- Amp) 


Fig. 25.38 shows the block diagram of an operational amplifier (OP-amp). The input stage of an OP- amp is 
a differential stage followed by more stages of gain and a class B push-pull emitter follower. 


= 47.09 dB 


CLASS B 
PUSH-PULL 


EMITTER 
FOLLOWER 


Fig. 25.38 


The following are the important properties common to all operational amplifiers (OP-amps): 
(1) An operational amplifier 1s a multistage amplifier. The input stage of an OP-amp 1s a 
differential amplifier stage. 
(ii) An inverting input and a noninverting input. 
(iii) A high input impedance (usually assumed infinite) at both inputs. 
(iv) A low output impedance (< 200 Q). 
(v) A large open-loop voltage gain, typically 10°. 
(vi) The voltage gain remains constant over a wide frequency range. 
(vit) Very large CVM/RR (> 90 dB). 


25.16 Schematic Symbol of Operational Amplifier 


Fig.25.39(7) shows the schematic symbol of an operational amplifier. The following points are worth 
noting : 
(1) The basic operational amplifier has *five terminals: two terminals for supply voltages +V 
and —V; two input terminals (inverting input and noninverting input) and one output terminal. 
* Two other terminals, the offset null terminals, are used to ensure zero output when the two inputs are 
equal. These are normally used when small d.c. signals are involved. 
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(ii) Note that the input terminals are marked + and —. These are not polarity signs. The — sign 
indicates the inverting input while the + sign indicates the noninverting input. A signal 
applied to plus terminal will appear in the same phase at the output as at the input. A signal 
applied to the minus terminal will be shifted in phase 180° at the output. 


(ii) The voltages v,, v, and v,,, are node voltages. This means that they are always measured 
w.r.t. ground. The differential input v,, 1s the difference of two node voltages v, andv,. We 


normally do not show the ground in the symbol. 


+V=+15V 


Inverting 

input 

Vo “ 2 
Output Mout 
V4 1 
Noninverting 
input 
—-V=-15V 
(7) (i1) 


Fig. 25.39 


(iv) For the sake of *simplicity, + J” and — J’ terminals are often omitted from the symbol as 
shown in Fig. 25.39(7). The two input leads are always shown on the symbol regardless of 
whether they are both used. 

(vy) In most cases, if only one input is required for an OP-amp circuit, the input not in use will 
be shown connected to ground. A single-input OP-amp 1s generally classified as either 
inverting or noninverting. 

(vi) The OP-amp is produced as an integrated circuit /C). Because of the complexity of the 
internal circuitry of an OP-amp, the OP-amp symbol 1s used exclusively in circuit diagrams. 


25.17 Output Voltage From OP-Amp 


The output voltage from an OP-amp for a given pair of input voltages depends mainly on the 
following factors: 

1. The voltage gain of OP-amp. 

2. The polarity relationship between v, and v,. 


3. The values of supply voltages, +]’ and —-I” 


1. Voltage gain of OP-amp. The maximum possible voltage gain from a given OP-amp is 
called open-loop voltage gain and is denoted by the symbol 4,,. The value of A,, for an OP-amp 
is generally greater than 10,000. 


The term open-loop indicates a circuit condition where there is no feedback path from the 
output to the input of OP-amp. The OP-amps are almost always operated with negative feedback 
i.e., a part of the output signal is fed back in phase opposition to the input. Such a condition is 


* — Since two or more OP-amps are often contained in a single JC package, eliminating these terminals on 
the symbol eliminates unnecessary duplication. 
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illustrated in Fig. 25.40. Here R, is the input resistance and Ry 
is the feedback resistor. Consequently, the voltage gain of 
OP amplifier 1s reduced. When a feedback path is present 
such as R,connection in Fig. 25.40, the resulting circuit gain 
is referred to as closed-loop voltage gain (Az,). The 
following points may be noted : 
(() The maximum voltage gain of given OP-amp is 4,,,. 
Its value is generally greater than 10,000. 
(ii) The actual gain (4,,) of an OP-amplifier is reduced A 
when negative feedback path exists between Fig. 25.40 
output and input. 

2. OP-Amp Input/Output Polarity Relationship. The polarity relationship between v, and v, 
will determine whether the OP-amp output voltage polarity is positive or negative. There is an easy 
method for it. We know the differential input voltage v, 1s the difference between the non-inverting 
input (v,) and inverting input (v,) i.e., 


Vin ~ Vi —V2 
When the result of this equation 1s positive, the OP-amp output voltage will be positive. When 
the result of this equation 1s negative, the output voltage will be negative. 
Illustration. Let us illustrate OP-Amp input/output polarity relationship with numerical values. 
(1) InFig. 25.41(@, v,; =+4V andv, =+ 2V so thatv, =v, —v, =(+ 4V) - (4 2V) = 2V. Since 


V,, 18 positive, the OP-amp output voltage will be positive. 


+V 


Vo=+2V Vo=+2V 


“+ 


Is 
- 


(71) 


(iii) (iv) 
Fig. 25.41 


(ii) In Fig. 25.41 (i), v, = OV and v, = + 29’ so that v, =v, —v, = (OF) — (429) = -29. Since 
v_, 18 negative, the OP-amp output voltage will be negative. 

(i) In Fig. 25.41 (iii), v, =-1V and v, =-3)'so thatv, =v, —v, =(-1))-(3)) =2V" Clearly, 
the OP-amp output voltage will be positive. 

(iv) In Fig. 25.41 (@v), v, = -3V and v, = OF so that v,, =v, — v, = (39F) — OV) = -3V. 
Therefore, the OP-amp output voltage will be negative. 
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3. Supply Voltages. The supply voltages for an OP-amp are normally equal in magnitude and 
opposite in sign e.g., + 15V,+ 12V,+ 18)” These supply voltages determine the limits of output voltage 
of OP-amp. These limits, known as saturation voltages, are generally given by; 


gs ee ~ TU ye! 
= ai — >i apps? a! 


Suppose an OP-amplifier has we = 15)’ and open-loop voltage gain A,,, = 20,000. Let us find 
the differential voltage v., to avoid saturation. 


Vie = Vay 2= 19-2 = 130 
1” P 
a ae =650 nV 


in Ao, 20,000 


If the differential input voltage J’,, exceeds this value in an OP-amp, it will be driven into 
saturation and the device will become non-linear. 

Note : Although input terminals of an OP-amp are labeled as + and -, this does not mean you 
have to apply positive voltages to the + terminal and negative voltages to the -terminal. Any 
voltages can be applied to either terminal. The true meaning of the input terminal labels (+ and —) 
is that a *positive voltage applied to the + terminal drives the output voltage towards +V of d.c. 
supply; a positive voltage applied to the — terminal drives the output voltage towards —V of d.c. 


supply. 
25.18 A.C. Analysis of OP-Amp 


The basic OP-amp has two input terminals and one output terminal. The input terminals are labeled 
as + (noninverting input) and —(inverting input). As discussed earlier, a signal applied to the non- 
inverting input (+) will produce an output voltage that 1s in phase with the input voltage. However, 
a signal applied to the inverting input (—) will produce an output voltage that is 180° out of phase 
with the input signal. 

(i) Practical OP—amp. Fig. 25.42 shows the a.c. equivalent circuit of a practical OP-amp. 
The characteristics of a practical OP-amp are : very high voltage gain, very high input impedance 
and very low output impedance. The input voltage v,, appears between the two input terminals and 
the output voltage is Av, taken through the output impedance Z,,,. The consequences of these 
properties of a practical OP—amp are : 


out 


Practical OP -amp Ideal OP-amp 
Fig. 25.42 Fig. 25.43 


* Note that positive and negative are relative terms. Thus if +4V 1s applied at +input terminal and +2V at 
— input terminal, then + terminal is at more positive potential. Therefore, the output voltage will swing 
towards +V of d.c. supply. 


Operational Amplifiers ™ 691 


(a) Since the voltage gain (4,) of a practical OP-amp is very high, an extremely small input 


voltage (v,,) will produce a large output voltage (v,,,,). 


(b) Since the input impedance (Z,,) is very high, a practical OP-amp has very small input 

current. 

(c) Since the output impedance (Z,,, ,) of a practical OP-amp is very low, it means that output 

voltage 1s practically independent of the value of load connected to OP-amp. 

(ii) Ideal OP-amp. Fig. 25.43 shows the a.c. equivalent circuit of an ideal OP-amp. The 
characteristics of an ideal OP-amp are : infinite voltage gain, infinite input impedance and zero 
output impedance. The consequences of these properties of an ideal OP-amp are : 

(a) Since the voltage gain (4,) of an ideal OP-amp is infinite, it means that we can set v,, = OF" 

(b) Since the input impedance (Z,,) is infinite, an ideal OP-amp has zero input current. 

(c) Since the output impedance (Z,,,,) of an ideal OP-amp is zero, it means the output voltage 
does not depend on the value of load connected to OP-amp. 


We can sum up the values of parameters of a practical OP-amp and an ideal OP-amp as under : 


Practical OP-amp Ideal OP-amp 

Zin = 2 MQ Zi, 2 (Open circuit) 
A,=1x10° A, 

Z out = 100 Q2 Z 22> 002 


25.19 Bandwidth of an OP-Amp 


All electronic devices work only over a limited range of frequencies. This range of frequencies 1s 
called bandwidth. Every OP-amp has a bandwidth i.e., the range of frequencies over which it will 
work properly. The bandwidth of an OP-amp depends upon the closed-loop gain of the OP-amp 
circuit. One important parameter is gain-bandwidth product (GBW). It is defined as under : 


Ac, x fr = Siem GBW 
where Aq, = closed-loop gain at frequency f, 
Suniy = frequency at which the closed-loop gain is unity 


It can be proved that the gain-bandwidth product of an OP-amp is constant. Since an OP-amp 
is capable of operating as a d.c. amplifier, its bandwidth 1s (f, — 0). The gain-bandwidth product of 
an OP-amp is an important parameter because it can be used to find : 


(1) The maximum value of A,, at a given value of f,. 
(ii) The value of f, for a given value of A;,. 


Example 25.21. An OP-amp has a gain-bandwidth product of 15 MHz. Determine the 
bandwidth of OP-amp when Aj, = 500. Also find the maximum value of Ap, when f, = 200 kHz. 


Sunity _ 1SMHz 


; _ = 30 kHz 
Solution. t Act 500 


Since the OP-amp is capable of operating as a d.c. amplifier, bandwidth BW = 30 kHz. 


4, = Limit = IIMEZ _ oe 375 ah 
cL ~f 200kHz 


Example 25.22. An OP-amp has a gain-bandwidth product of 1.5 MHz. Find the operating 
bandwidth for the following closed-loop gains (i) Ag, = | (ii) Ag, = 10 (iii) Ag, = 100. 


GBW 


CL 


Solution. Bandwidth, BW = 
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1.5 MHz 


(i) For Ac; = 1, BW = —-—— = 1.5 MHz 
(ii) ForA,, =10,BW = ak = 150 kHz 
(iii) ForA,, =100,BW = ae = 15 kHz 


From this example, we conclude that : 
(a) The higher the gain (4,,) of an OP-amp, the narrower its bandwidth. 
(b) The lower the gain of an OP-amp, the wider its bandwidth. 


25.20 Slew Rate 


The slew rate of an OP-amp 1s a measure of how fast the output voltage can change and is measured 
in volts per microsecond (V/us). If the slew rate of an OP-amp is 0.5 V/us, it means that the output 
from the amplifier can change by 0.5 V every us. Since frequency 1s a function of time, the slew rate 
can be used to determine the maximum operating frequency of the OP-amp as follows: 

Slew rate 


Maximum operating frequency, f,_.. mV 
pk 


Here J", is the peak output voltage. 
Example 25.23. Determine the maximum operating frequency for the circuit shown in Fig. 
25.44. The slew rate is 0.5 V/us. 
Solution. The maximum peak output voltage(!’,,) 1s approximately *8)”. Therefore, maximum 
operating frequency (/,,.) 18 given by; R, 
_ Slewrate 0.57’ /ps 
Imax = I Vy, == -2Nx8 


500 kHz 
2m x8 
(’. 0.5 V/us = 500 kHz) 
= 9.95 kHz 


While 9.95 kHz may not seem to be a very high output 
frequency, you must realise that the amplifier was 
assumed to be operating at its maximum output 
voltage. Let us see what happens when peak output Fig. 25.44 
voltage is reduced (See example 25.24). 


Example 25.24. The amplifier in Fig. 25.44 is being used to amplify an input signal to a peak 
output voltage of 100 mV: What is the maximum operating frequency of the amplifier? 


Solution. The maximum operating frequency (f,,,,.) of the amplifier is given by; 


_ Slewrate 0.5/7 /us 
Srna 2m iy 2nx 0.1 


_ 500 kHz 
2n x 0.1 


The above examples show that an OP-amp can be operated at a much higher frequency when 
being used as a small-signal amplifier than when being used as a large-signal amplifier. 


(- 100 mV =0.1V) 


= 796 kHz (-- 0.5V/us = 500 kHz) 


oe = ay —-2=10-2=8V 
sat supply 
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25.21 Frequency Response of an OP-Amp 


The operating frequency has a significant effect on the operation of an OP-amp. The following are 
the important points regarding the frequency response of an OP-amp : 
(i) The maximum operating frequency of an OP-amp is given by; 
Slew rate 
a — Del 
20 4 
Thus, the peak output voltage limits the maximum operating frequency. 


(ii) When the maximum operating frequency of an OP-amp is exceeded, the result is a 
distorted output waveform. 


(iii) Increasing the operating frequency of an OP-amp beyond a certain point will : 
(a) Decrease the maximum output voltage swing. 
(b) Decrease the open-loop voltage gain. 
(c) Decrease the input impedance. 
(d) Increase the output impedance. 


25.22 OP-Amp with Negative Feedback 


An OP-amp is almost always operated with negative feedback i.e., a part of the output is fed back 
in phase opposition to the input (See Fig. 25.45). The 
reason is simple. The open-loop voltage gain of an 
OP-amp is very high (usually greater than 100,000). 
Therefore, an extremely small input voltage drives the 
OP-amp into its saturated output stage. For example, 
assume v,, = lmV and 4,, = 100,000. Then, 
= Ap, v,, = (100,000) x 1d mV) = 100 Vs Vin 
Since the output level of an OP-amp can never 
reach 100 V, it is driven deep into saturation and the 
device becomes non-linear. Fig. 25.45 


Ry 


out 


Vout 


With negative feedback, the voltage gain (A,,) 
can be reduced and controlled so that OP-amp can function as a linear amplifier. In addition to 
providing a controlled and stable gain, negative feedback also provides for control of the input and 
output impedances and amplifier bandwidth. The table below shows the general effects of negative 
feedback on the performance of OP-amps. 


| | Voltage sai Bandwidth 


Without A>, 1s too high Relatively Relatively low | Relatively narrow 


negative for linear amplifier | high 
feedback applications 


With negative | A, 1s set by the | Can be increased | Can be reduced | Significantly wider 
feedback feedback circuit or reduced to a___| to a desired 
to desired value desired value value 
depending on 
type of circuit 
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25.23 Applications of OP-Amps 


The operational amplifiers have many practical applications. The OP-amp can be connected in a large 
number of circuits to provide various operating characteristics. In the sections to follow, we shall 


discuss important applications of OP-amps. 


25.24 Inverting Amplifier 


An OP amplifier can be operated as an inverting 
amplifier as shown in Fig. 25.46. An input signal v,_ is 
applied through input resistor R, to the minus input 
(inverting input). The output is fed back to the same 
minus input through feedback resistor R, The plus 
input (noninverting input) is grounded. Note that the 
resistor R provides the *negative feedback. Since the input 
signal is applied to the inverting input (—), the output 
will be inverted (i.e. 180° out of phase) as compared 
to the input. Hence the name inverting amplifier. 


Voltage gain. An OP-amp has an infinite input 


Fig. 25.46 


out 


impedance. This means that there is zero current at the inverting input. If there 1s zero current 
through the input impedance, then there must be no voltage drop between the inverting and non- 
inverting inputs. This means that voltage at the inverting input (—) is zero (point A) because the 
other input (+) is grounded. The OV at the inverting input terminal (point A) is referred to as virtual 
ground. This condition 1s illustrated in Fig. 25.47. The point A is said to be at virtual ground 
because it is at OV but is not physically connected to the ground (i.e. I”, = OF). 


Virtual ground (OV) R; 


Fig. 25.47 


Referring to Fig. 25.47 (ii), the current J, to the inverting input is zero. Therefore, current J, 


flowing through R; entirely flows through feedback resistor Ry In other words, [-= /,,, 


n 


N 1 = Voltage across R, J, -V, V,,-0_ JV, 
Ow in R, 7 R, 7 R R, 
and 1. = Vor = toil - Ore) 7 aid 
£ Ry Rr Ry R, 
Since I; =... Pout — Fin 
in Ry R, 
out Ry 


Voltage gain, A,, = PR 


* The output voltage is 180° out of phase with the input. Since the voltage drop across 
opposite polarity to the applied voltage, the circuit is providing negative feedback. 


Ry is of the 
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The negative sign indicates that output signal is inverted as compared to the input signal. The 
following points may be noted about the inverting amplifier : 


(«) The closed-loop voltage gain (4,,,) of an inverting amplifier is the ratio of the feedback 
resistance K-to the input resistance R,. The closed-loop voltage gain is independent of the 
OP-amp 8s internal open-loop voltage gain. Thus the negative feedback stabilises the 
voltage gain. 

(ii) The inverting amplifier can be designed for unity gain. Thus if R= Ry then voltage gain, 
Aa, =—Il. Therefore, the circuit provides a unity voltage gain with 180° phase inversion. 

(ii) If R,is some multiple of &,, the amplifier gain is constant. For example, if R-= 10 R,, then 
Ag, =—10 and the circuit provides a voltage gain of exactly 10 along with a 180° phase 
inversion from the input signal. If we select precise resistor values for Ry and R,, we can 
obtain a wide range of voltage gains. Thus the inverting amplifier provides constant 
voltage gain. 


25.25 Input and Output Impedance of Inverting Amplifier 


It is worthwhile to give a brief discussion about the input impedance and output impedance of 
inverting amplifier. 

(i) Input impedance. While an OP-amp has an extremely high input impedance, the 
inverting amplifier does not. The reason for this can be seen by referring back to Fig. 25.47(7). As this 
figure shows, the voltage source “sees” an input resistance (R,) that is going to virtual ground. Thus 
the input impedance for the inverting amplifier is 


Z, = R, 

The value of R, will always be much 4 

less than the input impedance of the OP- 
amp. Therefore, the overall input 
impedance of an inverting amplifier will 


also be much lower than the OP-amp input 


—— ’ 
impedance. ui: Zout of the  Zout 
op-amp 


(ii) Output impedance. Fig. 25.48 T 
shows the inverting amplifier circuit. You = 
can see from this figure that the output Fig. 25.48 
impedance of the inverting amplifier is the 

parallel combination of R,and the output impedance of OP-amp itself. 


uf] 
ul||—o 


The presence of the negative feedback circuit reduces the output impedance of the amplifier to 
a value that 1s less than the output impedance of OP-amp. 


Example 25.25. Given the OP-amp configuration in Fig. 25.49, determine the value of Ry 
required to produce a closed-loop voltage gain of —100. 


Ry 


out 


Fig. 25.49 
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Solution. Aw. = Rp oF +100 = ——— 
= Ry 
Example 25.26. Determine 


Dae 
= 100x2.2=220kQ 


the output voltage for the circuit of Fig. 25.50. 
200 kQ 


out 


9 V 
Fig. 25.50 
R 
Solution. An = =—f=- 200 kQ 
R, 
Output voltage, v 


=—100 
2 kQ 
out 


= Ac, XV;,= 100) x (2.5 mV) =—250 mV =-0.25 V 
Example 25.27. Find the output voltage for the circuit shown in Fig. 25.51. 
+ 0.5 V 


1kQ 
+0.5 
1kQ 
| . 
ae —V 


V 
0 t 
—-0.5V 
Fig. 25.51 
R 1kQ 
Solution. Voltage gain,A,, = -J=- = 
phase inversion. 


ees 
R, 1kQ 


Since the voltage gain of the circuit is —1, the output will have the same amplitude but with 180° 


Example 25.28. Find the output voltage for the circuit shown in Fig. 25.52 


V 
15 
40 kQ rr 
+0.5V 5 
1kQ 
0 t > 0 t 
-0.5V x 
3 aN ~10 
~15 
Fig. 25.52 My, 
K 40 kQ 
Solution. Voltage gain,A,, = =o da ye 


-—40 
1kQ 
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Note that the input signal 1s the same as in example 25.27 but now the voltage gain is —40 
instead of —1. Since the supply voltages are + 15 V, the *saturation occurs at + 13 V. Since the 
output voltage far exceeds the saturation level, the OP-amp will be driven to deep saturation and it 
will behave as a non-linear amplifier. This means that the output will not have the same shape as 
input but will clip at the saturation voltage. Note that 180° phase inversion does occur. 


Example 25.29. For the circuit shown in Fig. 25.53, find (i) closed-loop voltage gain (ii) 
input impedance of the circuit (iii) the maximum operating frequency. The slew rate is 0.5V/us. 


Solution. 


(1) 
(i) 


(iii) 


Therefore, the peak output voltage is 


R 
Closed-loop voltage gain, Ag, = ns =— — = 


The input impedance Z, of the circuit is 
Z, = R,=10kQ 
To calculate the maximum operating frequency (f,.) for this inverting amplifier, we need 
to determine its peak output voltage. With values of I’, = 1 17, and A;, = 10, the peak-to- 
peak output voltage 1s 
Ven = (1 Va) (Ac7) 
a ale IO. 


10/2=5V 


i. = Slew rate _ 0.5 V/us 
ss 27 ae 2m x5 


500 kHz 
> es 6 «15.9 KHz = 


271 x5 . 
Fig. 25.53 
(-- 0.5 V/us = 500 kHz) = 


ee 


Example 25.30. You have the following resistor values available: 
1 kQ; 5 kQ ; 10 kQ and 20 kQ 
Design the OP-amp circuit to have a voltage gain of —4. 


Solution. Since the voltage gain 1s negative, the OP-amp 1s operating as an inverting amplifier. 


Now, Ag = R == 


We need to use resistors that have a ratio of 4 : |. The two resistors which satisfy this 
requirement are : R-= 20 kQ@ and R; = 5kQ. 


Example 25.31. Fig. 25.54 shows an inverting OP-amp. Find the closed-loop gain if (i) R 


source 


= 0Q (ii) Ronco = 1 kQ. 
; Ry 100 kQ 
Solution. (i) When Rg = 982; Ag= “RK 77 
R 100 kQ 
(ii) When R,,,..=1kQ; Ag, = -——~— = 50 


Roo tR, 1kQ+1kQ 


SOUrCE 


Note that we have lost half of the voltage gain. 


=+} —-2V=+715V-2V=+13V 
=—) +2V=-15V+2V=-13V 


supply 
supply 
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R R; 


source | 


Fig. 25.54 
25.26 Noninverting Amplifier 


There are times when we wish to have an output signal 
of the same polarity as the input signal. In this case, the 
OP-amp is connected as noninverting amplifier as 
shown in Fig. 25.55. The input signal is applied to the 
noninverting input (+). The output is applied back to the 
input through the feedback circuit formed by feedback 
resistor K-and input resistance R;. Note that resistors Ry 
and R, form a voltage divide at the inverting input (—). 
This produces *negative feedback in the circuit. Note 
that R, is grounded. Since the input signal is applied to 
the noninverting input (+), the output signal will be 
noninverted 1.e., the output signal will be in phase with 
the input signal. Hence, the name non-inverting 
amplifier. 


Fig. 25.55 


Voltage gain. If we assume that we are not at saturation, the potential at point A is the same as 
V’,., Since the input impedance of OP-amp is very high, all of the current that flows through R,also 
flows through k,. Keeping these things in mind, we have, 


Voltage across R, = J’,,—-0 ; Voltage across R oy y” 


out in 


Now Current through Rk, = Current through Ry 
Vo J” 


in out in 
or I ink = on K, —I o R, 
or ] i (Ky ‘ R,) = 4% out! 
y” R,+k, R 
or wos f ~=1+— 
J in K, Kj 
7 


Closed-loop voltage gain, A,, = a =|+ a 


The following points may be noted about the noninverting amplifier : 


A 142 

l = 1 

( ) CL R, 

* If the output voltage increases, the voltage at the inverting input will also increase. Since the voltage 
being amplified is the difference between the voltages at the two input terminals, the differential 
voltage will decrease when the output voltage increases. Therefore, the circuit provides negative 
feedback. 


Operational Amplifiers ™ 699 


The voltage gain of noninverting 
amplifier also depends upon the values of 
Ry and R.. 

(ii) The voltage gain of a non- 
inverting amplifier can be made 
equal to or greater than |. 

(iii) The voltage gain of a non- 

inverting amplifier will always be 
greater than the gain of an 
equivalent inverting amplifier by 
a value of |. If an inverting 
amplifier has a gain of 150, the 
equivalent noninverting amplifier 
will have a gain of 151. 
(iv) The voltage gain 1s positive. This 
is not surprising because output 
signal is in phase with the input 
signal. 


25.27 Voltage Follower 


The voltage follower arrangement is a special case of 
noninverting amplifier where all of the output voltage is fed 
back to the inverting input as shown in Fig. 25.56. Note that we 
remove R, and Ry from the noninverting amplifier and short the 
output of the amplifier to the inverting input. The voltage gain 
for the voltage follower is calculated as under : 
R 
Ac, = Sesutee-od 

Thus the closed-loop voltage gain of the voltage follower is 
1. The most important features of the voltage follower 
configuration are its very high input impedance and its very low 


( R-= 0Q) 


= z 
x ZZ 
 — Hi 


Non-inverting operationai ampiitier. 


= “ w id r 


Fig. 25.56 


output impedance. These features make it a nearly ideal buffer amplifier to be connected between 


high-impedance sources and low-impedance loads. 


Example 25.32. Calculate the output voltage from the noninverting amplifier circuit shown in 


Fig. 25.57 for an input of 120 wV: 


240 kQ 


Fig. 25.57 


out 
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R 240 kQ 
Solution. Voltage gain,A,, = I+ a I+ cco. 


= Aa, Xv, = (01) x (120 pV) = 12.12 mV 
Example 25.33. For the noninverting amplifier circuit shown in Fig. 25.58, find the output 
voltage for an input voltage of (i) 1 V (ii) -1 V. 


1+100=101 


Output voltage, v 


out 


KR 10 kQ 
; ; _ TO sss _ = 

Solution. Voltage gain, A,, = 1+ R =1+ ] =1+10=11 

10 kQ 

1 kQ 
> Vout 
Vin 
— -V 
Fig. 25.58 


(i) Forv, =1V;v,,=Aag, Xv, =H xIV=1LV 

(i) Forv, =-1 V;3v,,, =Ag, Xv, = 11x Cl V)=-11V 

Example 25.34. For the noninverting amplifier circuit shown in Fig. 25.59, find peak-to-peak 
output voltage. 


out 


5 kQ + 6V 
1V 
0 t 0 t 
-1V 
— 6V 
Fig. 25.59 
Solution. The input signal 1s 2 I’ peak-to-peak. 
R 5 kQ 
7 = 14+—£=142*£=14+5=6 
Voltage gain, A, R TkO 


Peak-to-peak output voltage =A, x Vinpp — OX 2= 2V 


Example 25.35. For the noninverting amplifier circuit shown in Fig. 25.60, find (i) closed- 
loop voltage gain (ii) maximum operating frequency. The slew rate is 0.5 V/us. 


Fig. 25.60 
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Solution. 
Rp | , 100 kQ 
R, 10kQ 


(ti) To determine the value of maximum operating frequency (f,.), we need to calculate the 
peak output voltage for the amplifier. The peak-to-peak output voltage is 


= Ag, XViq= UX V,,) = UY, 


—-14+10 =11 


(i) Voltage gain, A,, = I+ 


Vout 


Peak output voltage, le W/2=55V 
~..€ Slew rate 2 0.5 V/us 
ae 2m Vy 27 x 5.5 


_ 500 kHz 


ams 5 7 1447 kHz (-- 0.5 V/us = 500 kHz) 


Example 25.36. Determine the bandwidth of each of the amplifiers in Fig. 25.61. Both OP- 
amps have an open-loop voltage gain of 100 dB and a unity-gain bandwidth of 3MHz. 


Ry Ry 


(ii) 
Fig. 25.61 


Solution. 


(¢) For the noninverting amplifier shown in Fig. 25.61 (i), the closed-loop voltage gain (4,,) 
is 


R 220 kQ 
A, = 1+—=1+4 =1+ 66.7 =67.7 
oe R 3.3kQ 
Bandwidth, oye = — eae 4a as 
A 67.7 
(ii) For the inverting amplifier shown in Fig. 25.61 (id), 
R 
A... & aes AT KQ _ 47 
CL R,  1kQ 
Bandwidth. be = = — = 63.8 kHz 


Example 25.37. Fig. 25.62 shows the circuit of voltage 
follower. Find (i) the closed-loop voltage gain and (ii) maximum 
operating frequency. The slew rate is 0.5 V/us. 


Solution. 
(¢) For the voltage follower, A., = 1 


Fig. 25.62 
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(ii) Since A.,= | for the circuit, v,,=v,,, Therefore, peak output voltage (Ve) is one-half of 
OV be. Vi = 6/2 = 3 V. The maximum operating frequency (7,,.) 18 given by ; 


pp 
Slew rate _ 0.5 V/us 


max 21 ok 27 x 3 
= Ses = 26.53 kHz (’. 0.5 V/us = 500 kHz) 
2m x3 


25.28 Multi-stage OP-Amp Circuits 


When a number of OP-amp stages are connected in series, the overall voltage gain is equal to the 
product of individual stage gains. Fig. 25.63 shows connection of three stages. The first stage 1s 
connected to provide noninverting gain. The next two stages provide inverting gains. 

R, R, R, 


out 


Fig. 25.63 
The overall voltage gain A of this circuit is given by; 
A = A,A,A, 


where A, = Voltage gain of first stage = | + (R,/R,) 
A, = Voltage gain of second stage = R,/R., 
A; 
Since the overall voltage gain is positive, the circuit behaves as a noninverting amplifier. 


Voltage gain of third stage = -R,/R, 


Example 25.38. Fig. 25.63 shows the multi-stage OP-amp circuit. The resistor values are : Ry 
= 470 kQ; R, = 4.3 kQ ; R, = 33 kQ and R, = 33 kQ. Find the output voltage for an input of 80 
hie 

Solution. Voltage gain of first stage, A, = 1 + (RAR) = 1 + (470 kQ/4.3 kQ) = 110.3 

Voltage gain of second stage, A, = —R/R, = —470 kQ/33 kQ = -14.2 

Voltage gain of third stage, A, = RAR, = —470 kQ/33 kQ = -14.2 

Overall voltage gain, A = A,A,A, = (110.3) x 14.2) x (14.2) = 22.2 x 10° 

=AxXv,,= 22.2 x 10° x (80 uV) = 1.78V 

Example 25.39. A three-stage OP-amp circuit is required to provide voltage gains of + 10, — 
18 and —27. Design the OP-amp circuit. Use a 270 kQ feedback resistor for all three circuits. What 
output voltage will result for an input of 150 uV? 


Output voltage, v 


out 


Ry Ry Ry 


out 


Fig. 25.64 
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Solution. Designing the above OP-amp circuit means to find the values of R,,R, and R,. The 

first stage gain is +10 so that this stage operates as noninverting amplifier. 

N W216) & eee aie 
a R °° ~! 10-1 9 

The second stage gain is —18 so that this stage operates as an inverting amplifier. 


R 
Of ea 


Overall voltage gain, A = A,A,A, = (10) x (-18) x (-27) = 4860 
= Axv,, = (4860) x (150 pV) = 0.729 V 
Example 25.40. Show the connection of three OP-amp stages using an LM 348 IC to provide 
outputs that are 10, 20, and 50 times larger than the input and 180° out of phase w.r.t. input. Use 
a feedback resistor of R, = 500 kQQ in all stages. 


Output voltage, v 


out 


500 kQ 


S fr 


Vor 
@ @ (=-10V) 
500 kQ 
_ Voo 
VA) @ (=-20V) 
500 kQ 
© Q) (=-50V 
@ ® | ) 
ui -16V 
Fig. 25.65 
Solution. The resistor component for each stage will be : 
— Ry 500k esi 
1 A, —10 
R 
R = f _ 500 kQ 


5) A iy = 25 kQ 
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sa 


The resulting circuit is shown in Fig. 25.65. 


25.29 Effect of Negative Feedback on OP-Amp Impedances 


In a negative feedback amplifier, a part of the output 1s fed in phase opposition to the input. The 
negative feedback produces remarkable changes in the circuit performance. The advantages of 
negative feedback are : stable gain, less distortion, increased bandwidth and affecting the input 
impedance and output impedance of the circuit. We now discuss the effect of negative feedback on 
the impedances of both noninverting and inverting amplifiers. 


(i) Noninverting Amplifier. (Fig. 25.66). The expressions for the input and output 
impedances on account of negative voltage feedback in noninverting amplifier are the same as for 
discrete amplifier (Art. 13.4). 


Z_ (ND = Z,(1+m,A4,,) 
Lisa 
Zout'ND = Tam, Ay, 


where Z i» Zoyz = impedance values without feedback 
Z AND, Z2,,,.ND = impedance values with negative feedback 
m, = feedback factor 


Vv 


Ao, = voltage gain without feedback = open-loop gain 
Note that negative feedback in noninverting amplifier has greatly increased the input 
impedance and at the same time decreased the output impedance. The increased impedance is an 
advantage because the amplifier will now present less of a load to its source circuit. 
The decreased output impedance 1s also a benefit because the amplifier will be better suited to 
drive low impedance loads. 


Voltage-follower (VF) impedances. Since voltage follower 1s a special case of noninverting 
amplifier with feedback fraction m, = 1, 


ZL inVF) - Zin Cl + Ao,) 


LoutVE) = 1+ Aj, 


o+V 


R 


Ve = Vout R, +R Ro 
Fig. 25.66 Fig. 25.67 
Noninverting feedback amplifier. Inverting feedback amplifier. 


* Note that ‘NW?’ means noninverting amplifier. 
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Note that the voltage-follower input impedance is greater for given Z,, and A_,, than for the non-inverting 
configuration with the voltage-divider feedback circuit. Also, its output impedance is much 
smaller. 

(ii) Inverting Amplifier. Fig. 25.67 shows the inverting amplifier. It can be shown that : 

Input impedance, Z,7.) = R; 


in( 
Output impedance, Z, 47) = Z,,,0f OP-amp 

Note that the addition of negative voltage feedback to the inverting OP-amp reduces the input 
impedance of the circuit. The reduction of Z,, 1s the primary difference betwen the inverting and the 
noninverting negative feedback circuits. Otherwise, the effects of negative voltage feedback are 
nearly identical for the two circuits. 

Example 25.41. (7) Determine the input and output impedances of the amplifier in Fig. 25.68. 
The OP-amp date sheet gives Z,, = 2 MQ, Z,,, = 75 Q and open loop gain of 200,000. 

(ii) Find the closed-loop voltage gain. 
Ry 


~ Vout 


Ri 210 kQ 


ul 
a | 


Fig. 25.68 


Solution. 
R. 10 kQ — 10kQ 


1 


R,+R, 10kQ+220kQ 230kQ 
Input impedance, Zap = Zi, Cl + Ao m,) 

(2MQ) [(1 + 200, 000 x 0.043)} 

= (2MQ) [ 1 + 8600] = 17,202 MQ 


= 0.043 


(i) Feedback fraction, m, = 


: Z out 73 Q. -3 
Output impedance, Z,,ayp = 1+ A,,m, ~ 743600 ~ 37x 10 Q 
R 
(ii) Closed-loop voltage gain, A,, = 1+ x =l+ Pat = 23 


Comments. Note the effect of negative voltage feedback on noninverting amplifier. 

(a) Input and output signals are in phase. 

(b) A virtually infinite input impedance. 

(c) Virtually zero output impedance. 

Example 25.42. Zhe same OP-amp in example 25.41 is used in a voltage-follower 
arrangement. Determine the input and output impedances. 

Solution. For voltage follower, feedback factor m, = I. 

Zinve) = Zin +Aoz) = 2MQ (1 + 200,000) = 400,002 MQ 

Z 75 Q 


out -3 
= =~ __ _ 9,38 x 10 
ZoutVF) ~ T4 4 1+200,000 >> 10 


* Note that “7 means inverting amplifier. 
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Note that Z,.¢ye) 18 much greater than Z in(ND) and 
Z our(vp) 8 much less than Z,,, v7) from example 25.41. 


Example 25.43. Find the values of the input and 
output impedances in Fig. 25.69. Also determine the 
closed-loop voltage gain. The OP-amp has the 


following parameters: Z.,=4 MQ, Z,,, = 50 2 and 
open-loop voltage gain = 50,000. 
Solution. Z,Q2) ~R,=1kQ 
Zid). &Z/= S50 fe Fig. 25.69 
R 
An = _*7 __ 100KQ __ jo 


R 1kQ 
25.30 Faults in Feedback Circuit 


A failure of the feedback circuit in an OP-amp 1s one of the easiest problems in the world to 
locate. The most noticeable effect 1s that voltage gain of the amplifier will change drastically. 
Sometimes the gain will increase; sometimes it will decrease. It all depends on which component 
goes bad. For example, consider the circuit shown in Fig. 25.70. 


(1) Under normal conditions: Under normal conditions, the output from the amplifier is v,, , 
= Aa, V,,, The waveform would be correct. This is shown in Fig. 25.70 (i) 


Normal (i) 
Fault 7 
(R, open) 
Fault 
= i\, signal (iii) 
Noninverting amplifier (R, open) 


Fig. 25.70 


(ii) When R, is open: If, opens, the feedback circuit would consist solely of R,. In this case, 
the gain would drop. It is because the circuit would now act as a *voltage follower. In other words, 
the circuit would now be a buffer with an output voltage that is equal to the input voltage. Thus we 


would have the output signal as shown in Fig. 25.70 Gi). The waveform would be correct but we 
would have unity gain. 


(iii) When R, is open: When R, opens, the entire feedback circuit would be effectively 
removed. This would cause the gain of the amplifier to increase to the value of open-loop gain A,,,. 


Clearly, the output voltage will clip at or near the values of +]’ and — J”. This results in the distorted 
output signal as shown in Fig. 25.70 (iii). 


Under these conditions, the closed-loop voltage gain would be unity. 
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25.381 Summary of OP-AMP Configurations 


Basic OP-AMP 


M@ Very high open-loop voltage gain 


Inverting 
input @ Very high input impedance 
ici nani Output @ Very low output impedance 
Noninverting 
input 


Symbol 


Noninverting Amolifier 
M@ Voltage gain: 


‘ 
R, 
@ Input impedance: 


Zinntr = (A + Aopm,) Z, 
M Output impedance: 
Z out 
Zou ~ 1+ A, mM, 


n 


M@ Voltage gain: 
A cry = | 

@ Input impedance: 
Zinvey) ~ At Aor) Zin 

— Output impedance: 

Z 
Z = out 
out(VF) 1+ Ap, 


M@ Voltage gain: 
ae 
R. 


t 


Ag, =~ 
@ Input impedance: 
Lin) =, 
— Output impedance: 


Z out) ~Z out 


25.32 Summing Amplifiers 


A summing amplifier is an inverted OP-amp that can accept two or more inputs. The output voltage 
of a summing amplifier 1s proportional to the negative of the algebraic sum of its input voltages. 
Hence the name summing amplifier. Fig. 25.71 shows a three-input summing amplifier but any 
number of inputs can be used. Three voltages J’,, J’, and I’, are applied to the inputs and produce 
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currents J,, /, and /,. Using the concepts of infinite impedance and virtual ground, you can see that 
inverting input of the OP-amp is at virtual ground (OF’) and there is no current to the input. This 


means that the three input currents /,, /, and J, combine at the summing point A and form the total 
current (J,) which goes through R,as shown in Fig. 25.71. 


La lheELek 
re 
Vz ° 


V3 ~ 


am aa ul 


V 
= a-V I 


Fig. 25.71 


When all the three inputs are applied, the output voltage is 


Output voltage, 1, = —L,R-=-R-U, +L, +1) 


- -9 (142.43) 
RR, R, 
(Ve WK) 
er — Rig te te 
1 2 3 
If R, = Rk, =R, =R, then, we have, 
Ry , 7 . 
C3 = Gy ths ths) 


Thus the output voltage is proportional to the algebraic sum of the input voltages (of course 


neglecting negative sign). An interesting case results when the gain of the amplifier is unity. In 
that case, Rp= R, =R,=R, and output voltage is 
Vout = ~ 0, +, + Fs) 


Thus, when the gain of summing amplifier is unity, the output voltage is the algebraic sum of 
the input voltages. 


Summing Ampiitier 
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Summing amplifier with gain greater than unity. When Ryis larger than the input resistors, the 
amplifer has a gain of R,/R where R is the value of each input resistor. The general expression for the 
output voltage is 


Dee. aes ote 
aie “By thy thst...) 
As you can see, the output voltage is the sum of input voltages multiplied by a constant 


determined by the ratio R,/R. 


Example 25.44. Determine the output V,=+3Vc 
voltage for the summing amplifier in Fig. 
25.72. Vo=+1V¢ 

Solution. Referring to Fig. 25.72, all the 
three input resistor values are equal and 
each is equal to the value of feedback 
resistor. Therefore, the gain of the summing 
amplifier is 1. As a result, the output voltage 
is the algebraic sum of three input voltages. 

J” = -(V,+V,4+7,)=-@G+1+8)=-LV 


out 


10 kQ 


out 


Fig. 25.72 


Example 25.45. Determine the output voltage for the summing amplifier shown in Fig. 25.73. 
Ry 


V; = 0.2V 


Vo = 0.5V ¥ 


Fig. 25.73 


Solution. K,-= 10 kQ and R, = R, = R= 1 kQ. Therefore, gain of the amplifier = —R/R = 


— 10 kQ/1kQ = —- 10. 
R 10kQ 
Pa — f » r -_ — 
Now Vout = Bee tha EG 2 + 0.9) = - TV 


Note that the output voltage is not equal to the sum of input voltages. Rather it is equal to the 
sum of input voltages multiplied by the amplifier gain. In other words, the output voltage is 
proportional to the sum of the input voltages. 


Example 25.46. Determine the output voltage for the summing amplifier shown in Fig. 25.74. 


Ry 
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Solution. R= | kQ and R, =R,=R,=R= 10kQ. Therefore, gain of the amplifier = —RJR =—] 
kQ/10 kQ =—- 1/10. 


_ 1kQ 
10kQ 


Note that output voltage of the amplifier is not equal to the sum of input voltages, but rather is 
proportional to the sum of input voltages. In this case, it is equal to one-tenth of the input sum. 
Picking random values of J, 1’, and J’, will show that this circuit always provides an output voltage 
that is one-tenth of the sum of input voltages. 


: Rp 
Now an = 


out 


(10+84+7)=-2.5V 


Example 25.47. Two voltages of + 0.6V and — 1.4 V are applied to the two input resistors of 
a summing amplifier. The respective input resistors are 400 kQ and 100 kQ and feedback resistor 
is 200 kQ. Determine the output voltage. 


Solution. The output voltage of the summing amplifier is given by: 
OY. 
Y out f ( Rk, 2) 


Here R-= 200 kQ; R, = 400 kQ; R, = 100 kQ; I’, = + 0.6V, 1,=-1.4V 


06 , -14 
r= —200kQ + = 2, 
| ont ‘aie ae = 


Note that a summing amplifier produces an output voltage that is proportional to the algebraic 
sum of the input voltages. 


Example 25.48. Determine the output voltage from the circuit shown in Fig. 25.75 for each of 
the following input combinations: 


Fig. 25.75 


Solution. The output voltage from the circuit is given by: 


= “le + 


out 


-(uey + IkQ,, | 1kQ 4 
1kQ'  2kQ* 4kQ > 


Ve, = -(V, +05 V, + 0.25 V,) 
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The output voltage for the first set of inputs 1s 

Vat = ~U0+0.5 x 0+0.25 x 10)=- 12.5 V 
The output voltage for the second set of inputs is 

yo = -0+0.5 x 10+0.25 x 10)=-7.5 V 


out 


The output voltage for the third set of inputs is 
yo = —(10+0.5 x 10+0.25 x 10)=-17.5 V 


out 
Example 25.49. Calculate the output voltage for the circuit of Fig. 25.76. The inputs are V, = 
50 sin (1000 t)mV and V, = 10 sin (3000t) mV: 


330 kQ 


F  -9V 
Fig. 25.76 
Solution. The output voltage for the circuit is 


rR. R 
[Foie Fe (Br = 


Y out 


R'' R, 2 33hQ |" 10kQ 
—(10 1’, +331’) =-[10 x 50 sin (10002) + 33 x 10 sin (30007)] mV 
- [0.5 sin (1000 £) + 0.33 sin (30002)] V 
25.33 Applications of Summing Amplifiers 


By proper modifications, a summing amplifier can be made to perform many useful functions. 
There are a number of applications of summing amplifiers. However, we shall discuss the following 
two applications by way of illustration: 


1. Asaveraging amplifier 

2. As subtractor 

1. As averaging amplifier. By using the 
proper input and feedback resistor values, a 
summing amplifier can be designed to provide 
an output voltage that is equal to the average of 
input voltages. A summing amplifier will act as 
an averaging amplifier when both of the 
following conditions are met: 


uif0 aif—o alf —o 


(¢) All input resistors (R,, R, and so on) 
are equal in value. 


Fig. 25.77 


(ii) The ratio of any input resistor to the feedback resistor 1s equal to the number of input 
circuits. 


Fig. 25.77 shows the circuit of averaging amplifier. Note that it is a summing amplifier meeting the 
above two conditions. All input resistors are equal in value (3 kQ). If we take the ratio of any input 
resistor to the feedback resistor, we get 3 kQ/ 1 kQ.=3. This 1s equal to the number of inputs to the 
circuit. Referring to the circuit in Fig. 25.77, the output voltage 1s given by; 
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(R R \ 

= -|fy +r, 4-29, 

out R, R, R, } 
. Be Ap 9 2 1kQ 1 
_ R,  R, R, 3kQ 3 


Le (hth) 
out 3 
Note that I”, ,1s equal to the average of the three inputs. The negative sign shows the phase 


reversal. 
2. As subtractor. A summing amplifier can be used to provide an output voltage that is 


equal to the difference of two voltages. Such a circuit 1s called a subtractor and is shown in Fig. 
25.78. As we shall see, this circuit will provide an output voltage that is equal to the difference 


between ie and Vy. 


Rey Rio 


Fig. 25.78 


The voltage I’, is applied to a standard inverting amplifier that has unity gain. Because of this, 
the output from the inverting amplifier will be equal to —J,. This output is then applied to the 
summing amplifier (also having unity gain) along with J’,. Thus output from second OP-amp is 
given by; 

Vee: — gg) peta) as 

It may be noted that the gain of the second stage in the subtractor can be varied to provide an 
output that 1s proportional to (rather than equal to) the difference between the input voltages. 
However, if the circuit is to act as a subtractor, the input inverting amplifier must have unity gain. 


Otherwise, the output will not be proportional to the true difference between I, and I’,. 


25.384 OP-Amp Integrators and Differentiators 


A circuit that performs the mathematical integration of input signal is called an integrator. The 
output of an integrator is proportional to the area of the input waveform over a period of time. A 
circuit that performs the mathematical differentiation of input signal is called a differentiator. The 
output of a differentiator 1s proportional to the rate of change of its input signal. Note that the two 


operations are opposite. 
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OP-amp Integrator OP-amp differentiator 
(7) (7) 
Fig. 25.79 
Fig.25.79 shows OP-amp integrator and differentiator. As you can see, the two circuits are 
nearly identical in terms of their construction. Each contains a single OP-amp and an RC circuit. 
However, the difference in resistor/capacitor placement in the two circuits causes them to have 
input/output relationships that are exact opposites. For example, if the input to the integrator is a 


Square wave, the output will be a triangular wave as shown in Fig. 25.79 (i). However, the 
differentiator will convert a triangular wave into square wave as shown in Fig. 25.79 (ii). 


25.35 OP-Amp Integrator 


As discussed above, an integrator 1s a circuit that performs integration of the input signal. The 
most popular application of an integrator is to produce a ramp output voltage (i.e. a linearly 
increasing or decreasing voltage). Fig. 25.80 shows the circuit of an OP-amp integrator. It consists 
of an OP-amp, input resistor R and feedback capacitor C. Note that the feedback component is a 
capacitor instead of a resistor. 


As we shall see, when a signal 1s applied to the input of this circuit, the output-signal waveform 
will be the integration of input-signal waveform. 


Ic 


Fig. 25.80 Fig. 25.81 


Circuit Analysis. Since point A in Fig. 25.80 is at virtual ground, the *virtual-ground 
equivalent circuit of operational integrator will be as shown in Fig. 25.81. Because of virtual 
ground and infinite impedance of the OP-amp, all of the input current i flows through the capacitor 
i.e. i =i,. 


N  _ ¥-0_ iY, (i) 
ow i RR Ai 
Also voltage across capacitor is v, =O -—v, =—-v, 
. Cav, 4a, 
‘e dt dt ) 


Recall that virtual ground means that point A is OV but it is not mechanically grounded. Therefore, no 
current flows from point A to ground. 
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V, dv 
F . (i) and (ii + = =-C— 
rom eqs. (/) and (ii), R at 
dy _ 1 
OT dt RC i 
To find the output voltage, we integrate both sides of eq. (iii) to get, 
l t 
= ——~—|]| vdt 
Mo = RCo" 


iii) 


...{iv) 


Eq. (iv) shows that the output 1s the integral of the input with an inversion and scale multiplier 


of 1/RC. 


Output voltage. If a fixed voltage is applied to the input of an integrator, eq. (iv) shows that 
the output voltage grows over a period of time, providing a ramp voltage. Eq. (iv) also shows that 
the output voltage ramp (for a fixed input voltage) is opposite in polarity to the input voltage and 1s 
multiplied by the factor 1/RC. As an example, consider an input voltage v, = 1 V to the integrator 


circuit of Fig. 25.82 (i). The scale factor of 1/RC is 
] l 


RC (MQ)(uF) 


so that the output is a negative ramp voltage as shown in Fig. 25.82 (ii). 
C=1 UF 


OV 


Fig. 25.82 
If the scale factor 1s changed by making R = 100 kQ, then, 


l l 


“RC (00kKQ) (pF) 
and output is then a steeper ramp voltage as shown in Fig. 25.82 (iii). 


25.36 Critical Frequency of Integrators 


The integrator shown in Fig. 25.80 (Refer back) has 
no feedback at 0 Hz. This is a serious disadvantage 
in low-frequency applications. By connecting a 
feedback resistor Ry in parallel with the capacitor, 
precise closed-loop voltage gain is possible. The 
circuit shown in Fig. 25.83 is an integrator with a 
feedback resistor R,to provide increased stability. 


All integrators have a critical frequency f, below 
which they do not perform proper integration. If the 
input frequency 1s less than /,, the circuit behaves like 
a simple inverting amplifier and no integration 
occurs. The following equation is used to calculate 
the critical frequency of an integrator: 


Fig. 25.83 
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1 


L= she 
. 2TR ¢C 


Example 25.50. Fig. 25.84 (i) shows the OP-amp integrator and the square wave input. Find 
the output voltage. 


Vo(V) 


0 
Vo — 7 
(i) (ii) 
Fig. 25.84 
Solution. The output voltage of this circuit is given by; 
; t 
ip = “pe 
0 
Now RC = (100 kQ) (10 uF) = (100 x 10°Q) (10 x 10°° F) = Is 


t 
a [» dt 

0 

When we integrate a constant, we get a straight line. In other words, when input voltage to an 

integrator is constant, the output is a linear ramp. Therefore, the integration of the square wave 
results in the triangular wave as shown in Fig. 25.84 (ii). Since the input to the integrator is applied 
to the inverting input, the output of the circuit will be 180° out of phase with the input. Thus, when 
the input goes positive, the output will be a negative ramp. When the input 1s negative, the output 
will be a positive ramp. Fig. 25.84 (7) shows this relationship. 


Example 25.51. Determine the lower frequency limit (critical frequency) for the integrator 
circuit shown in Fig. 25.85. 


0.01 UF 


Fig. 25.85 
Solution. The critical frequency for the integrator circuit shown in Fig. 25.85 1s given by; 
Sd) 
Jc 2TR ¢C 
Here R-= 100 kQ = 10°Q ; C = 0.01 uF = 0.01 x 10°° F 
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= —_ |= 450 Hz 


2n x (10°) x (0.01x10°) 


c 


Example 25.52. (7) Determine the rate of change of the output voltage in response to a single 
pulse input to the integrator circuit shown in Fig. 25.86 (i). 


(ii) Draw the output waveform. 


C + 5V 
0 
Vin K—1 00s Pr 100s 
+5 V 0 I 
| 
Vin O Ju Vout Vout 
Vout(max) = + 10V ee 
(i) (ii) 
Fig. 25.86 
Solution. 
t 
| [vid 
(i) Output voltage, v,,, = “RE [vn t 
0 
Therefore, the rate of change of output voltage is 
AV out — Vin ee 2 _ 
nt 0°|~COCRC”~SO KQ) O01 pR) ~~ 20 KV/S = - 50 mV/ps 


(ii) The rate of change of output voltage is —- 50 mV/us. When the input is at + 5 V, the output 
is a negative-going ramp. When the input is at 0 V, the output is a constant level. In 100 us, the 
output voltage decreases. 

Ay = dont ye gy = - 50mV 


out dt Us 


x100 us =—5V 


Therefore, the negative-going ramp reaches — 5 V at the end of the pulse (i.e. after 100 us from 
the initial condition). The output voltage then remains constant at — 5 V for the time the input 1s 
Zero. Fig. 25.86 (ii) shows the output waveform. 


Example 25.53. For the integrator circuit shown in Fig. 25.87 (i), how long does it take for 
the output to reach saturation ? 


0.2 uF 
+ 13V 
2.6 
Vout 
t(sec) 
- 13V 
(i) (71) 


Fig. 25.87 
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Solution. 


t 
1 
Output voltage, v,,, = ~ Re [vn dt 
0 
Since the input voltage v,, (= 10 mV) 1s constant, 
1 —— 1 , 
Vou = RO" Gon O2un >" 
or Vout = — t volts 
Now _ Saturation voltage, J’, = — Lae +2=-15+2=-13V 
ee ee 
Time required, t = = oe 2.6 seconds 


Fig. 25.87 (ii) shows the output waveform. 
25.37 OP-Amp Differentiator 


A differentiator is a circuit that performs differentiation of the input signal. In other words, a 
differentiator produces an output voltage that is proportional to the rate of change of the input 
voltage. Its important application is to produce a rectangular output from a ramp input. Fig. 25.88 
shows the circuit of OP-amp differentiator. It consists of an OP-amp, an input capacitor C and 
feedback resistor R. Note how the placement of the capacitor and resistor differs from the 
integrator. The capacitor is now the input element. 


Fig. 25.88 Fig. 25.89 


Circuit analysis. Since point A in Fig. 25.88 is at virtual ground, the virtual-ground equivalent 
circuit of the operational differentiator will be as shown 1in Fig. 25.89. Because of virtual ground and 
infinite impedance of OP-amp, all the input current i, flows through the feedback resistor R i.e. i. = ip. 


: =v, Vo 
in = —R “PR and v, = v,-—O=v, 
dv dv 

Also b= C—£=c— 

. dt dt 

Yo - oi —_ 
dy. 

or v= -RC—E i) 


Eq. (i) shows that output is the differentiation of the input with an inversion and scale multiplier of 
RC. If we examine eq. (i), we see that if the input voltage is constant, dv/dt is zero and the output 
voltage is zero. The faster the input voltage changes, the larger the magnitude of the output voltage. 


Example 25.54. Fig. 25.90 (i) shows the square wave input to a differentiator circuit. Find the 
output voltage if input goes from OV to 5V in 0.1 ms. 
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1 kQ 
3V 0.1 UF . 
OV t —i OV t 
—5V 
QF -V (ii) 
Fig. 25.90 
Solution. Output voltage, v, = -RC sat 
Now, RC = (1kQ)x(0.1 uF)=(10° Q) (0.1x 10°F) =0.1x 10s 
dv. 5x107 V 
Also, SS ee ee 
dt 0.1 ms RY 
vy. = -(0.1x107%) (5x10) =-5V 


The signal quickly returns to zero as the input signal becomes constant. The output will be as 
shown in Fig. 25.90 (ii). 

Example 25.55. For the differentiator circuit shown in Fig. 25.91, determine the output 
voltage if the input goes from OV to 10V in 0.4s. Assume the input voltage changes at constant rate. 


Volts 10 10 kQ 
9 
0 
02 0.4 t(sec) 
Fig. 25.91 
Solution. Output voltage, v, = - RC 
Now, RC = (10 kQ) x (2.2 uF) = (10° Q) (2.2 x 10° F) =2.2x 10s 
dv, _ (0-0) _10V _ 
Also, a Ge = de = 25 V/s 
v, = -(2.2x 10%) x 25=-0.55 V 


O 
The output voltage stays constant at — 0.55 V. 
Example 25.56. For the differentiator circuit shown in Fig. 25.92(i), determine (i) the 
expression for the output voltage (ii) the output voltage for the given input. 


10 YF ae ka 0.2 
Vj eH 0 t(s) 
~5 
(ii) 


Fig. 25.92 
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Solution. 
(i) For the differentiator shown in Fig. 25.92 (i), the output voltage is given by; 


dv, _ dv, 
v, = -RC a =— (100 kQ) x (10 UF) an 
_ 3 6p, Vj WwW; 
= -—(100x 10° Q)x (10x 107 F) a ay 
(ii) Since the input voltage is a straight line between O and 0.2s, the output voltage is 
» = #1. 0-9 sy 
i dt 0.2 


Therefore, between 0 to 0.25, the output voltage 1s constant at —5 V. For t> 0.2s, the input 1s 
constant so that output voltage 1s zero. Fig. 25.92 (ii) shows the output waveform. 


25.38. Comparators 


Often we want to compare one voltage to another to see which is larger. In this situation, a 
comparator may be used. A comparator is an OP-amp circuit without negative feedback and takes 
advantage of very high open-loop voltage gain of OP-amp. A comparator has two input voltages 
(noninverting and inverting) and one output voltage. Because of the high open-loop voltage gain of 
an OP-amp, a very small difference voltage between the two inputs drives the amplifier to 
saturation. For example, consider an OP-amp having A,, = 100,000. A voltage difference of only 
0.25 mV between the inputs will produce an output voltage of (0.25 mV) (100,000) = 25V. 
However, most of OP-amps have output voltages of less than + 15V because of their d.c. supply 
voltages. Therefore, a very small differential input voltage will drive the OP-amp to saturation. This 
is the key point in the working of comparator. 


Fig. 25.93 illustrates the action of a comparator. The input +15V 
voltages are v, (signal) and v, (*reference voltage). If the 
differential input 1s positive, the circuit is driven to saturation and 
output goes to maximum positive value (**+1",,=+ 13V). Reverse 
happens when the differential input goes negative i.e. now output is 
maximum negative (— I’, = — 13V). This circuit is called 
comparator because it compares v, to v, to produce a saturated 
positive or negative output voltage. Note that output voltage 


rapidly changes from — 13V to + 13V and vice-versa. 


25.39 Comparator Circuits 


A comparator circuit has the following two 
characteristics : 


(i) It uses no feedback so that the voltage gainis == ~ 
equal to the open-loop voltage gain (A,,) of 
OP-amp. 

(ii) It is operated in a non-linear mode. 


These properties of a comparator permit it to 
perform many useful functions. 
Two comparaior initegraied circuits. 
* If this terminal is grounded, v, = OV. 
** Since in our case supply voltages are + 15V, 
+ Voor = +Vouppy ~ 2=15-2=+ 13V 
Vig = - 7 


‘uppy +2 =- 1S +2=-13V 
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1. As asquare wave generator. A comparator can be used to produce a square wave output 
from a sine wave input. Fig. 25.94 shows the circuit of a comparator to produce square wave output. 
Note that inverting terminal (—) is grounded and signal (v,,) is applied to the noninverting terminal 
(+). Since the gain of a comparator 1s equal to A,,, virtually any difference voltage at the inputs will 
cause the output to go to one of the voltage extremes (+ J”,_,or—J’,,) and stay there until the voltage 
difference is removed. The polarity of the input difference voltage will determine to which extreme 
(+1, or —J7,_,) the output of the comparator goes. 


+15 V 


Fig. 25.94 


When the input signal goes positive, the output jumps to about + 13 V. When the input goes 
negative, the output jumps to about — 13 V. The output changes rapidly from — 13 V to + 13 V and 
vice-versa. This change is so rapid that we get a square wave output for a sine wave input. 


2. As a zero-crossing detector. When one input of a comparator is connected to ground, it is 
known as zero-crossing detector because the output changes when the input crosses 0 V. The zero- 
crossing circuit is shown in Fig. 25.95. The input and output waveforms are also shown. When the 
input signal is positive-going, the output is driven to positive maximum value (i.e. + J’ ,=+ 13 V). 
When the input crosses the zero axis and begins to go negative, the output 1s driven to negative 
maximum value (i.e. — V’,,,=— 13 V). 


+15V 


Vout + 1 3V 


~13V 
Fig. 25.95 


From the input/output waveforms, you can see that every time the input crosses 0 V going 
positive, the output jumps to + 13 V. Similarly, every time the input crosses 0 V going negative, the 
output jumps to — 13 V. Since the change (+ 13 V or — 13 V) occurs every time the input crosses 
O V, we can tell when the input signal has crossed 0 V. Hence the name zero-crossing detector. 


3. Asa level detector. When a comparator is used to compare a signal amplitude to a fixed 
d.c. level (reference voltage), the circuit is referred to as a level detector. We can modify zero- 
crossing detector circuit to construct level detector. This can be done by connecting a fixed 
reference voltage / 7, to the inverting input as shown in Fig. 25.96 (@). Amore practical arrangement is shown 
in Fig. 25.96 (ii) using a voltage divider to set the reference voltage as follows : 


Ry 
f = +V 
| REF R, +R, my) 


where + V is the positive OP-amp d.c. supply voltage. 
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+V 


out 


= = 


(i) Battery reference (ii) Voltage-divider reference 


+V 


out(max) 


Vout 
—V 


out(max) 


(iii) Waveforms 


Fig. 25.96 


The circuit action is as follows. Suppose the input signal v, is a sine wave. When the input 
voltage is less than the reference voltage (i.e. I’, < ppp), the output goes to maximum negative 
level. It remains here until J’, increases above I’,,,,. When the input voltage exceeds the reference 
voltage (i.e. V’, > Vp,,,), the output goes to its maximum positive state. It remains here until I’, , 
decreases below I’,,,. Fig. 25.96 (iii) shows the input/output waveforms. Note that this circuit is 
used for non zero-level detection. 


MULTIPLE-CHOICE QUESTIONS 


1. A differential amplifier ........... 3. In differential-mode., .............. 
(i) 18 apart of an OP-amp (i) opposite polarity signals are applied 
(ii) has one input and one output to the inputs 
(iii) has two outputs (ii) the gain 1s one 
(iv) answers (i) and (iii) (iii) the outputs are of different amplitudes 
2. When a differential amplifier is operated (iv) only one supply voltage is used 
single-ended, .............» 4, In the commonemode, acevccecaress 
(7) the output is grounded (i) both inputs are grounded 
(ii) one input is grounded and signal is (ii) the outputs are connected together 
applied to the other (iii) an identical signal appears on both 
(iii) both inputs are connected together inputs 


(iv) the output is not inverted (iv) the output signals are in-phase 
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5. The common-mode gain is... 
(i) very high (ii) very low 
(iii) always unity (iv) unpredictable 
6. The differential gain is.... 
(i) very high (ii) very low 
(iii) dependent on input voltage 
(iv) about 100 


7. IfAp,,= 3500 and A4,= 0.35, the CMRR is 


(i) 1225 
(ii) 10,000 
(iii) 80dB 
(iv) answers (i) and (iii) 
8. With zero volts on both inputs, an OP- 
amp ideally should have an output .... 
(i) equal to the positive supply voltage 
(ii) equal to the negative supply voltage 
(iii) equal to zero 
(iv) equal to the CMRR 


9. Of the values listed, the most realistic 
value for open-loop voltage gain of an 


OP-amp is .... 
(i) | (ii) 2000 
(iii) 80 dB (iv) 100,000 


10. A certain OP-amp has bias currents of 50 
wA and 49.3 vA. The input offset current 
1S .... 


(i) 700 nA 
(iii) 49.7 WA 
11. The output of a particular OP-amp increa- 
ses 8 V in 12 us. The slew rate 1s .... 
(i) 90 V/us (ii) 0.67 V/us 
(iii) 1.5 V/us (iv) none of these 
12. For an OP-amp with negative feedback, 
the output is .... 


(ii) 99.3 uA 


(iv) none of these 


(i) equal to the input 
(ii) increased 
(iii) fed back to the inverting input 
(iv) fed back to the noninverting input 
13. The use of negative feedback .... 
(i) reduces the voltage gain of an OP-amp 
(ii) makes the OP-amp oscillate 
(iii) makes linear operation possible 
(iv) answers (i) and (iii) 


14. Negative feedback .... 


(i) increases the input and _ output 
impedances 

(ii) increases the input impedance and 
bandwidth 

(iii) decreases the output impedance and 
bandwidth 

(iv) does not affect impedance or 
bandwidth 


15. A certain noninverting amplifier has R, of 
1 kQ and Ry of 100 kQ. The closed-loop 
voltage gain Is .... 

(7) 100,000 (ii) 1000 
(ii) 101 (iv) 100 

16. If feedback resistor in 0.15 is open, the 

voltage gain ............... 
(i) increases (ii) decreases 
(iii) isnot affected (iv) depends on R, 

17. A certain inverting amplifier has a closed- 
loop voltage gain of 25. The OP-amp has 
an open-loop voltage gain of 100,000. If 
an OP-amp with an open-loop voltage 
gain of 200,000 is substituted in the 
arrangement, the closed-loop gain .......... 


(i) doubles (ii) drops to 12.5 
(iii) remains at 25 (iv) increases slightly 
18. A voltage follower .... 
(i) has a voltage gain of | 
(ii) 1n noninverting 
(iii) has no feedback resistor 
(iv) has all of these 
19. The OP-amp can amplify .... 
(i) a.c. signals only 
(ii) d.c. signals only 
(iii) both a.c. and dic. signals 
(iv) neither d.c. nor a.c. signals 
20. The input offset current equals the .... 
(i) difference between two base currents 
(ii) average of two base currents 
(iii) collector current divided by current gain 
(iv) none of these 


21. The tail current of a differential amplifier 
1S .... 


(i) half of either collector current 


(ii) equal to either collector current 
(iii) two times either collector current 
(iv) equal to the difference in base currents 


22. The node voltage at the top of the tail 
resistor is closest to .... 


(i) collector supply voltage 
(i1) 
(iii) 
(iv) 

23. The tail current in a differential amplifier 
equals .... 


Zero 
emitter supply voltage 
tail current times base resistance 


(i) difference between two emitter currents 
(ii) 
(iii) 


sum of two emitter currents 

collector current divided by current 
gain 

(iv) collector voltage divided by collector 
resistance 


24. The differential voltage gain of a 
differential amplifier is equal to Ro 
divided by .... 

Gi) 7, (ii) 1/2 
Gi) 27, (iv) Rp 

25. The input impedance of a differential 
amplifier equals 7’, times .... 
(i) B (ii) Ry 

(iii) Re (iv) 2B 
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26. Acommon-mode signal is applied to .... 
(i) the noninverting input 
(ii) the inverting input 
(ii) both inputs 
(iv) top of the tail resistor 
27. The common-mode voltage gain 1s .... 
(i) smaller than differential voltage gain 
(ii) equal to differential voltage gain 
(iii) greater than differential voltage gain 
(iv) none of the above 
28. The input stage of an OP-amp 1s usually a .... 
(i) differential amplifier 
(ii) class B push-pull amplifier 
(ii) CE amplifier 
(iv) swamped amplifier 
29. The common-mode voltage gain of a 
differential amplifier is equal to R, 
divided by .... 
(i) 7, (ii) 27, 
(iii) r/2 (iv) 2 Rp 
30. Current cannot flow to ground through .... 
(i) amechanical ground 
(ii) an a.c. ground 
(ii) a virtual ground 
(iv) an ordinary ground 


Answers to Multiple-Choice Questions 


. i . @ 
. () (iii) 
. (iii) (iv) 
. (iii) (iv) 
. i . (ii) 
.@ . @ 


» (Hi) 
a (EY) 
» i) 

. (iii) 
. (iii) 
. (iv) 


Chapter Review Topics 


What is an operational amplifier (OP-amp)? 

Give the block diagram of an operational amplifier. 

Whats a differential amplifier? 

Draw the basic circuit of a differential amplifier. 

Discuss the operation of a differential amplifier. 

What do you mean by noninverting and inverting input of a differential amplifier? 
What are common-mode and differential-mode signals? 

What do you mean by CV/RR? 


eo oe Se a 
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9. What is the importance of CVMRR? 
10. Explain the d.c. analysis of a differential amplifier. 


11. What do you mean by (i) output offset voltage (i) input offset current? 

12. Derive an expression for differential-mode voltage gain of a differential amplifier. 

13. Derive an expression for the common-mode voltage gian of a differential amplifier. 

14. Draw the schematic symbol of an operational amplifier indicating the various terminals. 

15. What do you-mean by (2) open-loop voltage gain (i7) closed-loop voltage gain of an OP-amp? 
16. Discuss OP-amp input/output polarity relationship. 

17. What do you mean by bandwidth of an OP-amp? 

18. What do you mean by slew rate of an OP-amp? 

19. Discuss the frequency response of an OP-amp. 

20. What is the need of negative feedback in an OP-amp? 

21. Derive an expression for the voltage gain of an inverting amplifier. 

22. Derive an expression for the voltage gain of a noninverting amplifier. 

23. What is a voltage follower? 

24. Draw the circuit of multistage OP-amp. 

25. What is the effect of negative feedback on (7) noninverting amplifier (77) inverting amplifier ? 
26. Discuss the operation of a summing amplifier. 

27. Discuss two applications of summing amplifiers. 

28. Discuss the operation of an OP-amp integrator. 

29. What is the most important application of an OP-amp integrator? 


30. Discuss the operation of OP-amp differentiator. 


Problems 
1. In Fig 25.97, the transistors are identical with 8B, = 200. What is the output voltage? [7.5 V] 


+15V 


out 


300 kQ 


—-15V 
Fig. 25.97 
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2. In Fig. 25.97, the left transistor has B ,, = 225 and the right transistor has B,, = 275. What are the base 
voltages? [- 0.05 V ;-— 0.0409 V] 


3. A data sheet gives an input bias current of 20 nA and an input offset current of 3 nA. What are the 
base currents? [18.5 nA ; 21.5 nA] 


4. Find bias voltages and currents for the differential amplifier circuit in Fig. 25.98. 


+ Voc 
+ OV 


Fig. 25.98 


[V,=- 90.7 V . J, = 0.332 mA ; J,, =J,, = 0.166 mA ; J, =1.. = 0.166 mA ; /,, =J,, = 1.66 PA; 
Va =9V iV = 7.34 Vi 
5. Find the bias voltages and currents for the differential amplifier circuit shown in Fig. 25.99. 


~ Vee 
Fig. 25.99 


[V’, = 0.7 V . 1, = 0.332 mA :/,, =1,, = 0.166 mA ; J, =J., = 0.166 mA ; /,, =J,, = 1.66 pA; 
Vo =-9V iV =- 7.34 Vi 

6. For the circuit shown in Fig. 25.100, determine (7) common-mode voltage gain (i7) differential- 
mode voltage gain (177) CVRR. [@) 0.42 (iz) 90.6 (iz) 216] 
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9+ 12V 


150 kQ 190 K2S Ro» 


B=160 p=160 


Fig. 25.100 Fig. 25.101 


7. For the circuit shown in Fig. 25.101, find (2) closed-loop voltage gain (i7) the instantaneous voltage 
across R,, when the signal voltage is + 1)” (iii) the instantaneous voltage on the -terminal when the 
signal voltage is + 1V” [(i) 10 (ii) 10 V (iii) 0 Vi 


8. A noninverting amplifier has an R, of 1 kQ and an Ry of 100 kQ. Determine (7) Ve, (ii) feedback 
factor if ’ =5 V. [@) 49.5 mV ; (ii) 9.9 x 107) 


out 


9. Determine the closed-loop voltage gain for the circuit shown in Fig. 25.102. [11] 
10. Determine the closed-loop voltage gain for the circuit shown in Fig. 25.103. [101] 


| Ao, = 150,000 
Vin 
Fig. 25.102 Fig. 25.103 
11. Find the closed-loop voltage gain for each of the circuits shown in Fig. 25.104. [1;-1] 


out 


Fig. 25.104 


, 
out 


circuit in Fig. 25.105. [(@) 455 WA (ii) 455 YA (it) — 10V (iv) - 10] 


12. Determine the approximate values of (i) J,, (ii) Lp Git) Vong @) closed-loop voltage gain for the 
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Fig. 25.105 


13. Calculate the output voltage of the circuit in Fig. 25.106 for Ry= 68 kQ. [V, =-3.39 V] 
Ry 
33 kQ 
22 kQ 
12 kQ 
V3 = +0.8V Vo 


Fig. 25.106 
14. What output voltage results in the circuit of Fig. 25.107 for V,) =+0.5 7? [V,=0.5 V] 


Vo 
V; 


Fig. 25.107 
15. Calculate the output voltages J’, and V’, in the circuit of Fig. 25.108. [V,=-2V;V,=4.2 V] 


Fig. 25.108 
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Discussion Questions 


What is the difference between a discrete circuit and an integrated circuit (IC)? 

Why are OP-amps produced as IC? 

What 1s the difference between differential amplifier and the conventional amplifier? 
What do + and — signs on the symbol of an OP-amp indicate? 

Why is OP-amp generally operated with negative feedback? 

Why is common-mode gain of a DA very low? 

What is the importance of CMRR? 

When is OP-amp driven to saturation? 

In which circuit we take the advantage of high open-loop voltage gain of an OP-amp? 
What is a noninverting amplifier? 


. Why ts the input impedance of an OP-amp very high? 


Why is the open-loop voltage gain of an OP-amp high? 


. What do you mean by virtual ground? 


Why is the output impedance of an OP-amp very low? 


. What are the advantages of negative feedback in OP-amps? 
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tages of Digital Electronics 


Boolean Theorems 
Operator Precedence 


Boolean Expressions for 
Combinational Logic Circuits 


Truth Table from Logic Cir- 
cuit 


Sum-of-Products Form 
Binary Addition 
Flip - Flops 


INTRODUCTION 


continuously varying signal (voltage or cur- 
A= is called an analog signal. For example, 

a sinusoidal voltage is an analog signal. In the 
previous chapter, we studied the behaviour of diodes 
and transistors primarily from the analog or continuous- 
signal point of view. In an analog electronic circuit, the 
output voltage changes continuously according to the 
input voltage variations. In other words, the output 
voltage can have an infinite number of values. A signal 
(voltage or current) which can have only two discrete 
values is called a digital signal. For example, a square 
wave is a digital signal. The semiconductors devices 
(e.g. diodes, transistors etc.) can be designed for two- 
state operation viz., saturation and cut off. In that case, 
the output voltage can have only two states (i.e., values), 
either *low or high. An electronic circuit that is de- 
signed for two-state operation is called a digital circuit. 


The exact value of voltage is unimportant if the voltage 
is distinguishable as low or high. 
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The branch of electronics which deals with digital circuits is called digital electronics. When 
most of us hear the term digital, we immediately think of “digital calculator” or “digital computer’’. 
This is attributed to the dramatic way the low-cost, powerful calculators and computers have become 
accessible to an average person. Now digital circuits are being used in many electronic products such 
as video games, microwave ovens and oscilloscopes. Digital techniques have also replaced a lot of 
the older “analog circuits” used in consumer products such as radios, TV sets and high-fidelity sound 
recording and playback equipment. In this chapter, we shall discuss the fundamental aspects of 
digital electronics. 


26.1 Analog and Digital Signals 


(i) Analog signal. A continuously varying signal (voltage or current) is called an analog sig- 
nal. For example, an alternating voltage varying sinusoidally is an analog signal [See Fig. 26.1]. If 
such an analog signal is applied to the input of a transistor amplifier, the output voltage will also vary 
sinusoidally. This is the analog operation i.e., the output voltage can have an infinite number of 
values. Due to many-valued output, the analog operation is less reliable. 


(ii) Digital signal. A signal (voltage or current) that can have only two discrete values is called a 
digital signal. For example, a square wave is a digital signal [See Fig. 26.2]. It is because this signal has 
only two values viz, +5 V and 0 V and no other value. These values are labelled as High and Low. The 
High voltage is + 5 V and the Low voltage is 0 V. If proper digital signal is applied to the input of a 
transistor, the transistor can be driven between cut offand saturation. In other words, the transistor will 
have two-state operations i.e., output is either low or high. Since digital operation has only two states 
(i.e., ON or OFF), it is far more reliable than many-valued analog operation. It is because with two- 
states operation, all the signals are easily recognised as either low or high. 


Vv 


Fig. 26.1 Fig. 26.2 
26.2 Digital Circuit 


An electronic circuit that handles only a digital signal is called a digital circuit. 


The output voltage of a digital circuit is either low or high and no other value. In other words, 
digital operation is a two-state operation. These states are expressed as (High or Low) or (ON or 
OFF) or (1 or 0). Therefore, a digital circuit is one that expresses the values in digits 1’s or 0’s. 
Hence the name digital. The numbering concept that uses only the two digits 1 and 0 is the binary 
numbering system. Therefore, the first step would be to discuss this number system. 


26.3 Binary Number System 


A number system is a code that uses symbols to count the number of items. The most common and 
familiar number system is the decimal number system. The decimal number system uses the symbols 
0, 1,2,3,4,5,6, 7,8 and 9. Thus, the decimal system uses 10 digits for counting the items. A binary 
system uses only two digits (0 and 1) for counting the items. The reader may wonder how to count the 
items in a binary system. Let us see how it is done. 
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Counting in Decimal and Binary systems. Figure 26.3 shows the counting of stones in deci- 
mal as well as binary system. As you will see, the counting in the binary number system is performed 
much the same way as in the decimal number system. 


Stones Decimal Binary 
No stone 0 0 
e 1 1 
ee 2 10 
eco 3 11 
ecco 4 100 
ecooe 5 101 
eecoeoeee 6 110 
eooececoe 7 111 
eeeeeeee 8 1000 
ecoeecocce 9 1001 


Fig. 26.3 


(i) Let us first see how items are counted in decimal system. In this system, the count starts as 
0, 1,....,9. After 9, we are to write the next number. To do so, we use the second digit of the decimal 
system (i.e., 1) followed by the first digit (i.e., 0). So after 9, the next number is 10. The count again 
continues as 10, 11, 12....., 19. After 19, we use the third digit of the system (i.e., 2) followed by the 
first digit (i.e., 0) and the count continues as 20, 21, .... etc. In this way, we get the number upto 99. 
In order to represent a number next to 99, we use three decimal digits (100). That is to say second 
digit of the decimal system (i.e., 1) followed by two first digits (1.e, two zeros). 


(ii) Letus now turn to binary system. Note that 0 and 1 count in the binary system is the same as 
in the decimal counting. To represent 2 stones, we use the second binary digit (i.e., 1) followed by the 
first (i.e.,0). This gives binary number 10 (read as one-zero and not ten) as an equivalent of 2 in the 
decimal system. Likewise, 3 in the decimal system can be represented by the binary number 11 (read 
as one-one and not eleven). After this, the two binary digits are exhausted. We shall use three digits 
to represent the next binary number. Thus, to represent 4 (four), we use the second binary digit 
followed by two first binary digits. This gives the binary *100 (read as one-zero-zero) as equivalent 
to 4in the decimal system. Here is a simple way to find binary equivalents. Each time the two digits 
1 and O in one position are exhausted (counted as high as they will go), a 1 is added at the left, all 
digits to the right are made 0, and the count continues. The reader may apply this simple rule to find 
next binary numbers. 

Notes : 
(i) Each binary digit (0 or 1) is referred to as a bit. A string of four bits is called as a nibble and 
eight bits make a byte. Thus, 1001 is a nibble and 10010110 is a binary byte. 


(it) The binary number system is the most useful in digital circuits because there are only two 
digits (QO and 1). 


26.4 Place Value 
Consider the decimal number 642. This can be expressed as : 
642 = 600+ 40+2 


Note that in a multidigit decimal number (i.e., 642 in the present case), each position has a value 
that is 10 times the value of the next position to its immediate right. In other words, every position 
can be expressed as : 


Note that the procedure is similar to that which was used to write 100 (hundred) in the decimal system. 
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642 = 6x107+4x 10! 42x 10° 


Thus, we find that values of various positions in a decimal number system are powers of 10 i.e., 
equal to the number of digits used in the system. This number is called base or radix of the system. 
Thus, the decimal system has base of 10 (ten). 


For the decimals, the digit to the extreme right is referred to as the least significant digit (LSD) 
because its positional value or weight is the lowest. For the decimal number 642, 2 is the LSD. The 
left-most digit in the decimal number is the most significant digit (MSD) because its positional value 
or weight is the highest. For the decimal number 642, 6 is the MSD with a value of 600. 


Binary number system. In the binary number system, only two digits (O and 1) are used. There- 
fore, the base of this system is 2. In a binary number, each position has a value that is 2 times the 
value of the next position to its immediate right. In other words, every position can be expressed by 
2 raised to some power. We know that binary number 1001 is equal to the decimal number 9. This 
can be readily shown as under : 


1001 = 1x2°+0x27+0x2'4+1x2°=9 
For binary numbers, the digit at the extreme right is referred to as least significant bit (LSB). 

In the binary number 1001, the 1 at the right is the LSB. The left-most digit is called the most 
significant bit (MSB). In the binary number 1001, the 1 at the left is the MSB with the value of 8 in 
decimal terms. 

26.5 Decimal to Binary Conversion 
There are many methods to perform this conversion. The method described here is called double- 
dabble because it requires successive divisions by 2. This method can be summarised as under : 

Divide progressively the decimal number by 2 and write down the remainder after each division. 
Continue this process till you get a quotient of 0 and remainder of 1, the conversion is now complete. 
The remainders, taken in reverse order, form the binary number [See Fig. 26.4]. 

Note that 13 is first divided by 2, giving a quotient of 6 with a remainder of 1. This remainder 
becomes the 2° position in the binary number. The 6 is then divided by 2, giving a quotient of 3 with 
a remainder of 0. This remainder becomes the 2' position in the binary number. 

Continuing this procedure, the equivalent binary number is 1101. 

Decimal number 


+ 2 =_6 with a remainder of ih LSB 

6 a 6 with a remainder of ihe 

3 <7 with a remainder of DF 

1 a a, with a remainder of a MSB 

Fig. 26.4 

Example 26.1. Convert the decimal number 37 to its equivalent binary 37 
number. igo] 

Solution. Using double-dabble method, we find that the equivalent binary 9_0 
number is 100101. Itis a usual practice to mention the base of the number system. A-1 
The decimal system has a base of 10 while binary system has a base of 2. 70 

(37), = (100101), 

Note. This notation avoids the confusion that may arise because decimal L=0 

number also involves the digits 0 and 1. Thus, (101) ,,. denotes the decimal number 0-1 


hundred one while the binary number (101), is equivalent to decimal number 5. 
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Example 26.2. Convert the decimal number 23 to its equivalent binary number. 


poleon: Using double-dabble method, we find that the equivalent binary number is 10111. 
(23),, = (10111), 


22 
Note that binary number 10111 has five bits. 1—1 
26.6 Binary to Decimal Conversion = 
Binary numbers can be converted to equivalent decimal numbers quite easily. Sup- i =f) 


pose you are given the binary number 110011. Its conversion to equivalent deci- 1 
mal number involves the following two steps : 
(1) Place the decimal value of each position of the binary number. -, , |, , us 
a 9) 9) oo % 
(it) Add all the decimal values to get the decimal number. 


Thus, (110011), = 1x2?+1x274+0x2>4+0x274+1x2'4+1x2" 
= 32+ 16+04+042+1=51 
(110011), = (51), 


Note. In binary to decimal conversion, all positions containing 0 can be ignored. Only add the 
decimal values of the positions where | appears. Thus, in case of the above binary number, 


(110011), [xO 41 eo six 41K 
32+ 164+2+1=51 
Example 26.3. Convert the binary number 110001 to its equivalent decimal number. 


Solution. The binary number along with its decimal values of various positions is shown. 


(110001), = 1x2°?+1x2*+1x2" 110001 
= 324+16+1=49 oe Oo De Ob OF 
or (110001), = (49), 


26.7 Octal Number System 


The octal number system has a radix of eight so that it uses eight digits : 0, 1, 2,3, 4,5, 6 and 7. The 
position weights in the system are powers of eight. The digit positions of first six powers of eight are: 
g°=1 ; 8 =8 . 97-64 
8°=512; 8°=4096 ; 8° = 32768 

The octal number system is frequently used in digital circuits due to two principal reasons. First, 
itcan be easily converted to binary. Secondly, there are significantly fewer digits in any given octal number 
than in the corresponding binary number so that it is much easier to work with shorter octal numbers. 

1. Decimal-to-Octal Conversion. To convert a decimal number to octal, we employ the same 
repeated-division method that we used in decimal-to-binary conversion. However, here the division 
factor is 8 instead of two. The following examples illustrate decimal-to-octal conversion. 

(i) To convert decimal number 91 to octal number, the procedure is as under : 


Division Remainder 
91+8 = ll 3 (LSB) 
11+8 = 1 3 

1+8 = 0 1 (MSB) 


(91),5 = (133), 
(ii) As another example, consider the conversion of decimal number 266 to octal number. 
Division Remainder 
266+8 = 33 2 (LSB) 
33+8 = 4 l 
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4+8 = 0 4  (MSB) 
(266),) = (412). 
2. Octal-to-Decimal Conversion. An octal-to-decimal conversion can be done in the same 


manner as a binary-to-decimal conversion i.e. simply add up the position weights to obtain the deci- 
mal number. The following examples illustrate octal-to-decimal conversion. 


(1) To convert octal number (133), to decimal number, the procedure is as under : 


Position weights g° gi ge 
Octal number 1 3 3 
(133), = (8° x 1) +(8' x3) + (8 x3) 
= 644+ 244+3=91 


ne (133), = (91), 
(it) As another example, consider the conversion of octal number (372), to decimal number. 
Position weights g? gi ge 
Octal number 3 7 2 
(372), = (8° x 3)+(8'x7)+(8 x 2) 
= 1924+56+2= 250 
(372). = (250), 


3. Octal-to-Binary Conversion. The advantage of oc- Octal and Binary Equivalents 
tal number system is the ease with which an octal number can Octal Digit 


be converted to a binary number and vice-versa. It is because 
eight is the third power of two, providing a direct correlation 
between three-bit groups in a binary number and the octal dig- 
its i.e. each three-bit group of binary bits can be represented 
by one octal digit. Therefore, conversion from octal to binary 
is performed by converting each octal digit to its 3-bit binary 
equivalent. The eight possible digits are converted as shown 
in the adjoining table. 


(t) The conversion of octal number (472), to binary num- 
ber is done as under : 


Therefore, octal 472 is equivalent to binary 100111010 i.e. 
(472), = (100111010), 


(i) As another example, consider the conversion of octal number (5431), to binary number. 


5 4 3 ] 
101 100 Oll O01 


Therefore, octal 5431 is equivalent to binary 101100011001 i.e. 
(5431), = (101100011001), 

4. Binary-to-Octal Conversion. The conversion of binary number to octal number is simply 
the reverse of the above process. The bits of the binary number are grouped into groups of three bits 
starting at the LSB. Then each group is converted to its octal equivalent. To illustrate this method, 
consider the conversion of binary number (100111010), to octal number. The procedure is as under: 
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100 id 010 


y y y 
4 7 2 


(100111010), = (472), 
Note that there are fewer digits in the octal number than in the corresponding binary number. 
Therefore, it is much easier to work with shorter octal numbers. 


Sometimes the binary number will not have even groups of 3 bits. In that case, we can add one or 
two Os to the left of the MSB of the binary number to fill the last group. This point is illustrated below 
for the binary number 11010110. 

O11 010 110 


3 2 6 
Note that a 0 is placed to the left of the MSB to produce even groups of 3 bits. 


Example 26.4. Convert the following decimal numbers to octal equivalent. 


(i) 76 (ii) 255 (iii) 372 
Solution. 
(z) Division Remainder 
76+8 = 9 4 (LSB) 
9+8 = 1 1 
1+8 = 0 1 (MSB) 
ei (76),9 = (114), 
(ii) Division Remainder 
255+8 = 31 7 ~~ (LSB) 
31+8 = 3 7 
3+8 = 0 3 (MSB) 
e (255) 19 = (377) 
(tit) Division Remainder 
372+8 = 46 4 (LSB) 
46+8 = 5 6 
5+8 = 0 5 (MSB) 


(372)19 = (564), 


Example 26.5. Convert octal number (24.6), to the equivalent decimal number. 


Solution. 
(24.6), = (2x8')+(4x8)+(6x8') 
= 16+4+0.75 = 20.75 
(24.6), = (20.75),, 


Example 26.6. Convert (177) ,, to its 8-bit binary equivalent by first converting to octal. 


Solution. We shall first convert (177),, to its equivalent octal number as under : 


Division Remainder 
177+8 = 22 1 (LSB) 
22+8 = 2 6 

2+8 = 0 2  (MSB) 


(177), = (261), 
We now convert the octal number (261), to its equivalent binary number as under : 
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2 6 l 


y y y 
010 110 001 


Therefore, the binary equivalent is 010110001. We remove the leading zero to express the result 
as 8 bits 


(177),) = (10110001), 
26.8 Hexadecimal Number System 


The hexadecimal system uses a radix of 16. Therefore, 


ithas 16 possible digit symbols. The first ten digits in 
the hexadecimal system are represented by the num- 
bers 0 through 9 (0, 1, 2, 3, 4, 5, 6, 7, 8 and 9) and the 
letters A though F are used to represent the numbers 
10, 11, 12, 13, 14 and 15 respectively. The adjoining 
table shows the relationships among hexadecimal, deci- 
mal and binary. Note that each hexadecimal digit rep- 
resents a group of four binary digits. 


As is true for binary and decimal numbers, each 
digit in the hexadecimal system has a positional value 
or weight. For the right most digit of a hex (abbrevia- 
tion for hexadecimal) number, the positional weight is 
16° (= 1), the next digit to the left has a positional weight 
of 16" (= 16) and so on. The positional weight distribu- 
tion of a hex number system is given below: 


Oo OTD NAN BW NY 


SS — — 
OW NO Fe 


16° 16° ~=6 16! —Ss:16° 
etc. 
<- 4096 256 16 1 


—. 
iN 


I 
2 
3 
4 
5 
6 
7 
8 
9 
A 10 
B 
C 
D 
E 
F 


poe 
Nn 


1. Decimal-to-Hex Conversion. To convert a 
decimal number to hex number, the technique is the same as used for decimal-to-binary conversion or 
decimal-to-octal conversion. Recall that we did decimal-to-binary conversion using repeated divi- 
sion by 2 and decimal-to-octal conversion using repeated division by 8. Likewise, decimal-to-hex 
conversion is done using repeated division by 16. Let us illustrate the decimal-to-hex conversion 
procedure. Suppose we are to convert the decimal number 423 to hex number. 


Division Remainder 
423 +16 = 26 7 ~~ (LSB) 
26+16 = 1 10 

1+16 = 0 l (MSB) 


o (423),, = CLA7)i¢ 

Note that 10 is represented by the letter A. 

2. Hex-to-Decimal Conversion. In order to convert a hex number to its decimal equivalent, 
simply add up the position weight of each digit in the hex number. The following example illustrates 
this conversion. 

(356), = (3x 16°) + (5x 16') + (6 x 16°) 
768 + 80 + 6 = 854 

- (356), = (854), 

3. Hex-to-Binary Conversion. The conversion from hex to binary is performed by convert- 
ing each hex digit to its 4-bit binary equivalent (See above table). The following example illustrates 
this point. Here, we shall convert hex number (9 F2),, to its binary equivalent. 
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9 F Z 
L L L 
1001 1111 0010 
(9F2),, = (100111110010), 

4. Binary-to-Hex Conversion. The conversion from binary to hex is just the reverse of the 
above process. The binary number is grouped into groups of four bits and each group is converted to 
its equivalent hex digit. The following example illustrates this point. Here, we shall convert binary 
number (1110100110), to its “equivalent hex number. 

ool} 1019.10 
3 A 6 
(1110100110), = (3A6),, 


Example 26.7. Convert decimal number 541 to hexadecimal. 


Solution. 
Division Remainder 
541 +16 = 33 13. (LSB) 
33+16 = 2 1 
2+16 = 0 2  (MSB) 


(541),, = (21D),, 


Example 26.8. Convert decimal number 378 to a 16-bit number by first converting to hexa- 


decimal. 
Solution. 
Division Remainder 
378 +16 = 23 10 (LSB) 
23+16 = 1 7 
1+16 = 0 1 (MSB) 


Thus (378),)=(17A ),.. We can easily convert this hex number to binary 000101111010. There- 
fore, we can express (378) ,,. as a 16-bit binary number by adding four leading Os. 


(378). = (0000000101111010), 
Example 26.9. Convert (B2F),, to octal. 


Solution. It is easier to first convert hex to binary and then to octal. 
(B2F),, = 1011 0010 1111 .... conversion to binary 
= 101 100 =101 111_..... 3-bit groupings 
= 5 4 5 7 
(B2F),. (5457), 


26.9. Binary-Coded Decimal Code (BCD Code) 


Circuits and machines can deal readily with binary numbers, but people are used to working with 
decimal numbers. Moreover, there are considerably fewer decimal digits required to represent a num- 
ber than there are binary. It is much easier to remember just a few digits than it is to remember many. 
Thus whenever there is an interface between digital circuits and people, the interface data usually 
takes the decimal from. As a result, the digital circuits must utilise some binary code to conveniently 
represent the decimal numbers. The code used for this purpose is called BCD code. In a BCD code, 
each decimal number is represented by a 4-bit binary number. For example, to convert decimal 
number (489), to BCD, the procedure is as under : 


Zeros are added, as needed, to complete 4-bit group. 
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4 8 9 


0100 1000 ~~ 1001 BCD | Decimal 
Note that the highest BCD value that a 4-bit binary number could represent 


is 9 which would be (1001), in binary. Clearly, only the 4-bit binary numbers 
from 0000 through 1001 are used. 


The adjoining table shows the BCD code. Each of the decimal digits (0 
through 9) is represented by its binary equivalent. Since a decimal digit can be 
as large as 9, four bits are required to code each decimal digit (the binary code 
for 9 is 1001). 

Note that each decimal digit is assigned a 4-bit binary number even though 
the binary equivalent may require fewer than four binary places. This way, cir- 
cuits which use BCD always handle the string of binary bits in four - place 
groups. When using BCD code, remember that all zeros must be retained, unlike 
a binary number where leading zeros can be dropped. The BCD code is used 
when it is necessary to transfer decimal information into and out of a digital 
machine. Examples of digital machines include the digital clocks, calculators, digital voltmeters and 
frequency counters. 


Example 26.10. What decimal number is represented by the BCD string given below ? 
0100 0000 0010 


Solution. Divide the BCD number into 4-bit groups and convert each to decimal. 


0100 0000 0010 
4 0 g) 


Therefore, the equivalent decimal number is (402),,. 


Note. To avoid confusion between BCD and true binary, a BCD string is often separated into 
groups of 4 binary bits or a subscript BCD is sometimes attached to the string as illustrated under : 


0100 0000 0010 or 010000000010 peop 
26.10 Logic Gates 


A digital circuit with one or more input signals but only one output signal is called a logic gate. 

Since a logic gate is a switching circuit (i.e. a digital circuit), its output can have only one of the 
two possible states viz., either a high voltage (1) or a low voltage (OQ) — it is either ON or OFF. 
Whether the output voltage of a logic gate is high (1) or low (OQ) will depend upon the conditions at its 
input. Fig. 26.5 shows the basic idea of a *logic gate using switches. 


Truth Table 


In itself, the circuit is not actually a logic gate but the logic is similar. The actual gate circuits are made 
with diodes and transistors. In other words, switches S, and S, are replaced by diodes or transistors. 
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(¢t) When S, and S, are open, the bulb is OFF. 
(11) When S, is open and S, closed, the bulb is OFF. 
(wi) When S, is open and S, closed, the bulb is OFF. 
(tv) When both S, and S, are closed, the bulb is ON. 
Note that output (OFF or ON) depends upon the conditions at the input. 


The four possible combinations of switches S, and S, are shown in the table on the previous 
page. It is clear that when either of the switches (S, or S,) or both are open, the bulb is OF F. In binary 
language, when either of the inputs or both the inputs are low (Q), the output is low. When both 
switches are closed, the bulb is ON. In terms of binary language, when both the inputs are high (1), 
the output is high. It is usual practice to show the conditions at the input and output of a logic gate in 
the binary form as shown in the table on the previous page. Such a table is called truth table. 


The term “logic” is usually used to refer to a decision-making process. A logic gate makes logical 
decisions regarding the existence of output depending upon the nature of the input. Hence, such 
circuits are called logic circuits. 


26.11 Three Basic Logic Gates 


A logic gate is a circuit that has one or more input signals but only one output signal. All logic gates 
can be analysed by constructing a truth table. A truth table lists all input possibilities and the corre- 
sponding output for each input. The three basic logic gates that make up all digital circuits are (1) OR 
gate (1) AND gate and (a1) NOT gate. We shall first discuss these three basic logic gates and then the 
combination of these gates. The following points may be noted about logic “gates : 


(i) A binary 0 represents 0 V and binary | represents + 5V**. It is common to refer to binary 0 
as LOW input or output and binary 1 as HIGH input or output. 


(ii) A logic gate has only one output signal. The output will depend upon the input signal/ 
signals and the type of gate. 


(iii) The operation of a logic gate may be described either by truth table or Boolean algebra. 


26.12 OR Gate 


An OR gate is a logic gate that has two or more inputs but only one output. However, the output Y of 
an OR gate is LOW when all inputs are LOW. The output Y of an OR gate is HIGH if any or all the 
inputs are HIGH. 


It is called OR gate because the output is high if any or all the inputs are high. For the same 
reason, an OR gate is sometimes called “any or all gate”. For example, consider a 2-input OR gate. 
The output Y will be high if either or both inputs are high. 


OR gate operation. Fig. 26.6 (i) shows one way to build a 2-input OR gate while Fig. 126.6 (ii) 
shows its simplified schematic diagram. The input voltages are labeled as A and B while the output 
voltage is Y. Note that negative terminal of the battery is grounded and corresponds to 0 state (LOW 
level). The positive terminal of the battery (+5 V) corresponds to 1 state (HIGH level). There are 
only four input-output possibilities. 

* A gate can be regarded as a barrier which when closed prevents the passgae of information but if open 
allows the signal/signals to pass through freely. 

** Tn digital systems, the binary information is represented by two voltage levels, generally +5 V and 0 V. 
So 5 V is used to represent binary | and 0 V is used to represent binary 0. 


+ As you can see in Fig. 26.6 (ii) that output is high when either or both of the input switches are closed 
but not when both are open. 
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(i) When both A and B are connected to ground, both diodes are non-conducting. Hence, the 
output voltage is ideally zero (low voltage). In terms of binary, when A = 0 and B=0, then Y=0 as 
shown in the truth table in Fig. 26.6 (iii). 


A 


(ii) (iil) 
Fig. 26.6 


(it) When A is connected to ground and B connected to the positive terminal of the battery, diode 
D, is forward biased and diode D, is non-conducting. Therefore, diode D, conducts and the output 
voltage is ideally +5 V. In terms of binary, when A = 0 and B = 1, then Y= 1 [See Fig. 26.6 (iii)]. 


(111) When A is connected to the positive terminal of the battery and B to the ground, diode D, is 
on and diode D, is off. Again the output voltage is +5 V. In binary terms, when A = | and B = 0, then 
Y= 1 [See Fig. 26.6 (iii)]. 


(iv) When both A and B are connected to the positive terminal of the battery, both diodes are on. 
Since the diodes are in parallel, the output voltage is +5 V. In binary terms, when A = 1 and B= 1, then 
Y= 1 [See Fig. 26.6 (iii)]. 

It is clear from the truth table that for OR gate, the out- 
put is high if any or all of the inputs are high. The only way to 
A ; 
Inputs —_) > routput get a low output is by having all inputs low. Fig. 26.7 shows 
? the logic symbol of OR gate. Note that the symbol has curved 
Fig. 26.7 line at the input. 


Boolean expression. The algebra used 
to symbolically describe logic functions is called Boolean algebra. The “+” sign 
in Boolean algebra refers to the logical OR function. The Boolean expression 
for OR function is 


A+B=Y 
T 
OR symbol 


The adjoining table shows possibilities for the inputs. According to this table, when 0 is ORed 
with 0, the result equals 0. Also, any variable ORed with 1 equals 1. The OR function can be summed 
up as under : 

Q ORed with 0 equals 0 
Q ORed with 1 equals 1 
1 ORed with 1 equals 1 


26.13 AND Gate 


The AND gate is a logic gate that has two or more inputs but only one output. The output Y of AND 
gate is HIGH when all inputs are HIGH. However, the output Y of AND gate is LOW if any or all 
inputs are LOW. 
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It is called AND gate because output is HIGH only when all the inputs are HIGH. For this 
reason, the AND gate is sometimes called “all or nothing gate”. For example, consider a 2-input 
AND gate. The output will be HIGH when both the inputs are HIGH. 

AND gate operation. Fig. 26.8 (i) shows one way to build a 2-input AND gate while *Fig. 26.8 
(ii) shows its simplified schematic diagram. There are only four input-output possibilities. 


(ii) (iii) 
Fig. 26.8 


(1) When both A and B are connected to ground, both the diodes (D, and D,) are forward biased 
and hence they conduct current. Consequently, the two diodes are grounded and output voltage is zero. 
In terms of binary, when A = 0 and B = 0, then Y= 0 as shown in truth table in Fig. 26.8 (iii). 

(it) When A is connected to the ground and B connected to the positive terminal of the battery, 
diode D, is forward biased while diode D, will not conduct. Therefore, diode D, conducts and is 
grounded. Again output voltage will be zero. In binary terms, when A =0 and B= 1, then Y=0. This 
fact is shown in the truth table. 

(iii) When B is connected to the ground and A connected to the positive terminal of the battery, 
the roles of diodes are interchanged. Now diode D, will conduct while diode D, does not conduct. 
As a result, diode D, is grounded and again output voltage is zero. In binary terms, when A = | and 
B=0, then Y=0. This fact is indicated in the truth table. 

(tv) When both A and B are connected to the positive terminal of the battery, both the diodes do 
not conduct. Now, the output voltage is +5 V because there is no current through K,. 

It is clear from the truth table that for AND gate, the output is high if all the inputs are high. 
However, the output is low ifany or all inputs are low. Fig. 26.9 shows the logic symbol of AND gate. 
This is the symbol you should memorise and use from now on for AND gates. 

Boolean expression. The Boolean expression for AND function is 

A.B=Y 
T 
AND symbol 


where the multiplication **dot stands for the AND operation. The adjoining table shows the possi- 
bilities for the inputs. Table tells us that 0 ANDed with any variable equals 0. Also, 1 ANDed with 1 
equals one. The AND function can be summed up as under : 


0 ANDed with 0 equals 0 A 
Inputs —| YY Output 
0 ANDed with | equals 0 B 


1 ANDed with | equals | Fig. 26.9 


* Note that two switches used to represent the OR function were connected in parallel. If the switches are 
connected in series [See Fig. 26.8 (ii)], AND function is obtained. The output is high if both the switches 
are closed. The output will be low if either switch is open. 

** — Note that the multiplication dot is often omitted, so expression may appear as AB = Y. 
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26.14 NOT Gate or Inverter 


The NOT gate or inverter is the simplest of all logic gates. It has only one input and one output, where 
the output is opposite of the input. The NOT gate is often called inverter because it inverts the input. 


+0 


Output 


0 l Input A Y=A 
0 
(7) (ii) (iii) 
Fig. 26.10 


Figure 26.10 (i) shows a *typical inverter circuit. When A is connected to ground, the base of 
transistor Q, will become negative. This negative potential causes the transistor to cut off and collec- 
tor current is zero and output is + V volts. In binary terms, when A = 0, Y= 1. If sufficiently large 
positive voltage is applied at A, the base of the transistor will become positive, causing the transistor 
to conduct heavily. Therefore, the output voltage is zero. In binary terms, when A = 1, Y=0. Fig. 
26.10 (ii) shows truth table for an inverter. It is clear from the truth table that whatever the input to the 
inverter, the output assumes opposite polarity. If the input is 0, the output will be 1 ; if the input is 1, 
the output will be 0. 

Figure 26.10 (iii) shows the logic symbol for NOT gate or inverter. Note that small bubble on the 
inverter symbol represents inversion. The Boolean expression for NOT function is 

Y =A 
Note that bar above the input A represents inversion. 


If A =0, then Y =0 or Y= 1. 
IfA=1,then Y=1 or Y=0. 


26.15 Combination of Basic Logic Gates 


The OR, AND and NOT gates are the three basic circuits that make up all digital circuits. We shall 
discuss a few combinations of these basic circuits. 


(i) NAND gate. It is a combination of AND gate and NOT gate. In other words, output of 
AND gate is connected to the input of a NOT gate as shown in Fig. 26.11 (i). Clearly, the output of a 
NAND gate is opposite to the AND gate. This is illustrated in the truth table for the NAND gate. 
Note that truth table for NAND gate is developed by inverting the outputs of the AND gate. 


The Boolean expression for NAND function is 
Y = A-B 


This Boolean expression can be read as Y= notA. B. To perform the Boolean algebra operation, 


Note that resistors R, and R, form a voltage divider between ground and the negative voltage. 
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first the inputs must be ANDed and then the inversion is performed. Note that output from a NAND 
gate is always I except when all of the inputs are I. Fig. 26.11 (iii) shows the logic symbols for a 
NAND gate. The little bubble (small circle) on the right end of the symbol means to invert the AND. 


— Inputs Output 
ppt Output (A | B | AND a) NAND (¥) 


B 
l 
0 ] 
l 0 


(i) (i (ii 
Fig. 26.11 


(it) NOR gate. It is acombination of OR gate and NOT gate. In other words, output of OR gate 
is connected to the input of a NOT gate as shown in Fig. 26.12 (i). Note that output of OR gate is 
inverted to form NOR gate. This is illustrated in the truth table for NOR gate. It is clear that truth 
table for NOR gate is developed by inverting the outputs of the OR gate. 


nour 
42 Ni Output a{s [ony | NORD 


Y=A+B —___ 
B | > Y-458 0 0 


(7) (ii) (zit) 


Fig. 26.12 


The Boolean expression for NOR function is 


Y = A+B 


This Boolean expression can be read as Y= not A or B. To perform the Boolean algebra opera- 
tion, first the inputs must be ORed and then the inversion is performed. Note that output from a NOR 
gate is high (1) only when all the inputs are low (0). If any of the inputs is high (1), the output is low 
(0). Fig. 26.12 (iii) shows the logic symbol for a NOR gate. The bubble (small circle) at the Y output 
indicates inversion. 


26.16 NAND Gate as a *Universal Gate 


The NAND gate is universal gate because its repeated use can produce other logic gates. The table 
below shows how NAND gates can be connected to produce inverter (i.e., NOT gate), AND gate and 
OR gate. 


It may be noted that NOR gate is also a universal gate. 
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Logic sm 
Inverter 


Fig. 26.13 


(i) NOT gate from NAND gate. When two inputs of NAND gate 
are joined together so that it has one input, the resulting circuit is NOT 
gate. The truth table also shows this fact. 


(ii) AND gate from NAND gates. For 
this purpose, we use two NAND gates in a manner as shown above. The 
output of first NAND gate is given to the second NAND gate acting as in- 
verter (i.e., inputs of NAND gate joined). The resulting circuit is the AND 
gate. The output Y’ of first NAND gate (AND gate followed by NOT gate) is 
inverted output of AND gate. 
The second NAND gate acting 
as inverter further inverts it so that the final output Y 1s 
that of AND gate. The truth table also shows this fact. 

(iit) OR gate from NAND gates. For this purpose, 
we use three NAND gates in a manner as shown above. 
The first two NAND gates are operated as NOT gates 
and their outputs are fed to the third. The resulting cir- 
cuit is OR gate. This fact is also indicated by the truth table. 


26.17 Exclusive OR Gate 


The name exclusive OR gate is usually shortened to XOR gate. The XOR gate can be obtained by 
using OR, AND and NOT gates as shown in Fig. 26.14 (i). 


Fig. 26.14 (ii) shows the truth table for XOR gate. The table shows that the output is HIGH (1) 
if any but not all of the inputs are HIGH (1). This exclusive feature eliminates the similarity to the OR 
gate. The OR gate truth table is also given so that you can compare the OR gate truth table with XOR 
gate truth table. The logic symbol for XOR gate is shown in Fig. 26.14 (iii). Note that the symbol is 
similar to that of OR gate except for the additional curved line at the input side. 
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Fig. 26.14 


The logic operations in the circuit are as under : 


Note that 0 ANDed with 1 is 0 and 1 ANDed with 1 is 1. 


Example 26.11. Obtain the truth table for the circuit shown in Fig. 26.15 (i). 


Solution. Figure 26.15 (ii) shows the truth table for the circuit. The truth table can be obtained 
very easily if the reader remembers the following simple Boolean operations : 


A 
‘ ale |v=o8 [ra 

Y= (4+B).A 0 e 0 

0 

0 

1 

(i) (ii) 
Fig. 26.15 


(1) 0 *ORed with 0 = 0 ; 1 ORed with 1 = 1 ; 1 ORed withO = 1 
(it) 0 **ANDed with 0 = 0 ; 0 ANDed with I = 0 ; 1 ANDed with I = 1 


Thus, when A =0 and B=0, then A ORed with B = 0 i.e., Y =0. When Y’ (=0) is ANDed with 
A (= 0), the result is 0. Again when A = 1 and B= 0, then A ORed with B is li.e., Y = 1. Now Y’ 
(= 1) ANDed with A (= 1), the result is 1. 


Example 26.12. Obtain the truth table for the circuit shown in Fig. 26.16. 


Note that A + B means A ORed with B. 
** — Note that A . B means A ANDed with B. 
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Fig. 26.16 


Solution. The truth table for the circuit is shown below : 


Y=Y'+B 


(i) WhenA=0 and B=0, then A =1. Now Y’ is equal to 4 (= 1) ANDed with B (=0). The 


result is 0. Then Y’ (= 0) ORed with B (=1) is lie., Y=1. 


(ii) When A= 1 and B=0, then A=0. NowY’is equal to A (=0) ANDed with B (= 0) and the 
result is 0 i.e., Y =0. Then Y (=0) ORed with B (=D) is li.e., Y= 1. 


The reader can proceed in a similar way to find the other output values. 


26.18 Encoders and Decoders 


A digital circuit can process numbers in binary form. However, most of the information we handle is 
in decimal form. Therefore, a digital machine must perform the following functions : 


(i) Convert the information from deci- 
mal to digital (binary) form. 


(ii) Process the digital information. 


(iii) Convert the digital output back to 
decimal form. 


The circuit that converts decimal form to 
digital (binary) form is called encoder and the 
circuit that converts digital form to decimal form 
is called decoder. Fig. 26.17 shows encoding 
and decoding in a digital calculator. Here the 
input is the decimal number 5 punched in at the 
keyboard. The encoder changes the decimal 
number 5 to the digital form as the binary digit 
0101. The central processing unit (CPU) 
contains digital logic circuits for necessary 
calculations. Here all operations are 
carried out in binary form. The output of 


Encoders and Decoders 


Digital Electronics @ 7/747 


OUTPUT 


DECIMAL 5 . 
Ag BINARY 0101 
BINARY 0101 


Fig. 26.17 


CPU is fed to the decoder which changes the binary signal back to the decimal form. The output 
display is in the decimal form, showing the original number 5. 


26.19 Advantages and Disadvantages of Digital Electronics 


The world of electronics can be classified as either digital or analog circuits. An increasing majority 
of applications in electronics use digital techniques to perform operations that were once performed 
using analog methods. It is worthwhile to give advantages and disadvantages of digital electronics. 


Advantages. The chief reasons for the shift to digital technology are : 


(i) Digital systems are generally easier to design. It is because the circuits that are used are 
switching circuits where exact values of voltages or currents are not important, only the range (HIGH 
or LOW) in which they fall is important. 


(it) Digital circuits provide greater accuracy and precision. It is because digital circuits can 
handle as many digits of precision as you need simply by adding more switching circuits. In analog 
systems, precision is usually limited to three or four digits because the values of voltage and current 
are directly dependent on the circuit components. 


(ui) Digital circuits are less affected by noise. Suprious fluctuations in voltage (noise) are not as 
critical in digital systems as in analog systems. It is because in a digital circuit, the exact value of a 
voltage is not important as long as the noise is not large enough to prevent us from distinguishing a 
HIGH from a LOW. 


(iv) More digital circuitry can be fabricated on IC chips. Analog system uses such devices 
(high-value capacitors, inductors, transformers) that cannot be economically integrated. For this 
reason, analog systems cannot achieve the same degree of integration as digital circuits. 


(v) Information storage is easy with digital circuits. 
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Disadvantages. (1) The real world is mainly analog. However, the digital circuits can handle 
only digital signals. This necessitates encoders and decoders which increase the cost of the equip- 
ment. 


(ii) There are situations where using only analog techniques is simpler and more economical. 
For example, the process of signal amplification is most easily accomplished using analog circuitry. 


However, advantages of digital techniques outweigh the disadvantages. For this reason, we are 
fast switching to digital techniques. 


26.20 Boolean Algebra 


Digital circuits perform the binary arithmetic operations with binary digits 1 and 0. These opera- 
tions are called logic functions or logical operations. The algebra used to symbolically describe 
logic functions is called Boolean algebra. Boolean algebra is a set of rules and theorems by which 
logical operations can be expressed symbolically in equation form and be manipulated mathemati- 
cally. As with the ordinary algebra, the *letters of alphabet (e.g. A, B, C etc.) can be used to 
represent the variables. Boolean algebra differs from ordinary algebra in that Boolean constants 
and variables can have only two values ; 0 and 1. There are four connecting symbols used in 
Boolean algebra viz. 

(1) equals sign (=) (1) plus sign (+) 

(iii) multiply sign (-) (iv) bar (—) 

(i) Equals sign (=). The equals sign in Boolean algebra refers to the standard mathematical 
equality. In other words, the logical value on one side of the sign is identical to the logical value on 
the other side of the sign. Suppose we are given two logical variables such thatA = B. Thenif A= 1, 
then B = 1 and if A = 0, then B= 0. 

(it) Plus sign (+). The plus sign in Boolean algebra refers to the logical OR operation. Thus, 
when the statement A + B = | appears in Boolean algebra, it means A ORed with B equals 1. Conse- 
quently, either A = 1 or B= 1 or both equal 1. 

(iii) Multiply sign (-). The multiply sign in Boolean algebra refers to AND operation. Thus, 
when the statement A - B = 1| appears in Boolean algebra, it means A ANDed with B equals 1. 
Consequently, A = 1 and B= 1. The function A - B is often written as AB, omitting the dot for 
convenience. 

(iv) Bar sign (-). The bar sign in Boolean algebra refers to NOT operation. The NOT has the 
effect of inverting (complementing) the logical value. Thus, if A = 1, then A=0. 


26.21 Boolean Theorems 
We now discuss the basic Boolean theorems that are useful in manipulating and simplifying Boolean 
expressions. For convenience, we divide the theorems into two groups : 

(i) Single variable theorems 

(ii) Multivariable theorems 


(i) Single variable theorems. These theorems refer to the condition when only one input to 
the logic gate is variable. Table 26.1 gives single variable Boolean theorems. 


For example, A might represent a certain digital circuit input or output and at any time, we must have 
either A=QOorA=1. 


Table 26.1 


Theorem 1: 
Theorem 2: 
Theorem 3 : 
Theorem 4: 
Theorem 5: 
Theorem 6: 
Theorem 7: 


Theorem 8 : 


Theorem 9: 


Theorem 1. (A +0 =A). This theorem can be verified 
by ORing a variable A with a 0 and is illustrated in Fig. 26.18. 
Here one input to OR gate is always 0 and the other input A 
can bea value 1 or 0. When A is at 1, the output is 1 which is 
equal to A. When A is at Q, the output is 0 which is also equal 
to A (=0). Therefore, a variable ORed with 0 is equal to the 
value of the variable. This is easy to remember since 0 added 
to anything does not effect the value of the variable, either in 
regular addition or OR addition. 
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A=1 Output 
0 
A=0 Output 


Fig. 26.18 


Theorem 2. (A. 1 =A). This theorem can be verified by ANDing a variable A with a 1 and is 
illustrated in Fig. 26.19. Here one input to AND gate is always 1 and the other can be a value 1 or 0. 
If A is 1, the output of the AND gate is 1 because both the 


A=] Output inputs are now L’s. If Ais 0, the output of the AND gate isa 
1 _ |} Y=1 0. Therefore, a variable ANDed with a 1 is equal to the 


value of the variable (A - 1 =A). This is easy to remember 


A-O Output because AND operation is just like ordinary multiplication. 
Y=0 
] Se Theorem 3. 


Fig. 26.19 (A+A=1). This 

theorem can be eas- 

ily explained. If a variable A and its complement (A) are 

ORed, the result is always 1. IfAisa0, then 0+0=04+1=1. 

If A isa 1, then 1+1=1+0=1., Fig. 26.20 illustrates this 
theorem. 

Theorem 4. (A -A= 0) . This theorem states that if a 

variable A is ANDed with its complement, the result is zero. 

This is readily apparent because either Aor 4 will always 


be 0. Therefore, when one of the inputs to an AND gate is 0, 
the output is always 0. Fig. 26.21 illustrates this theorem. 


Theorem 5. (A + A= A). This theorem states that when 


1 Output 
= | Webi Y=1 
A=0 
A=0 Output 
oe | oink aa Y=1 
A=] 


Fig. 26.20 


= Output 
A=0 


A=0 Output 
sis Y=0 
A=1 


Fig. 26.21 


a variable A is ORed with itself, the output is equal to the variable. Thus, if A is a0, then 0 + 0 =0 and 
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ifAisal1,then1+1=1. Fig. 26.22 illustrates this theorem. 


mM mw mw Aw 
II 
Co GS — — 


A=0 Output _) with itself, the result 
A=0 is equal to the vari- 

Output 
ifA=1,then1-1=1. Foreither case, the output of an AND 


A=1 Output 

A=] ) » Y=1 Theorem 6. (A -A=A). This theorem states that if a 
Fig. 26.22 able. For example, if 

gate is equal to the value of the input variable A. Fig. 26.23 Fig. 26.23 


variable A is ANDed 
| 7 Output 
Y=1 
A=(0, then 0:0 =0 and 
illustrates this theorem. 


Theorem 7. (A+ 1=1). This theorem states that when 

wed Output a variable A is ORed with 1, the outuput is always equal to 

_)>—_ Y=1 1. Fig. 26.24 illustrates this theorem. One input to anOR 

gate is always 1 and the other input A can be either 1 or 0. 

oon > Y=1 Now | on an input to OR gate produces 1 on the output 
1 regardless of the value of the variable on the other input. 


Fig. 26.24 Theorem 8. (A -0 =0). This theorem states that vari- 


able A ANDed 
| } Output 
Y=0 


with 0 always produces 0. Recall that any time one inputto 47! 
an AND gate is Q, the output is 0 regardless of the value of the 0 

variable A on the other input. This theorem is illustrated in 4=9 Output 

Fig. 26.25. 0 | amma Sa 
A=0 = T=0 Fig. 26.25 


A=0 = Theorem 9. (A = A). This theo- 


rem states that ifa variable A is comple- 
mented twice, the result is the variable 

Fig. 26.26 itself. Starting with A and inverting 
(complementing) it once gives A. In- 
verting it once more gives A — the original value. This theorem is illustrated in Fig. 26.26. 

Duality Principle. Before moving to multivariable theorems, this would be the right place to 
mention an important property of Boolean algebra called duality principle. It is stated below : 

The duality principle states that a Boolean expression remains valid if operators OR and AND 
are interchanged and I's and O's in the expression are also interchanged. 

In order to understand this principle, consider the Boolean Theorem 1 viz. 

A+0 =A 

According to duality principle, this Boolean expression remains valid if OR function is replaced 

by AND function and 0 by 1. In that case, the Boolean expression becomes : 
A-l1 =A 

Note that this is Boolean Theorem No. 2. Therefore, Boolean Theorem 2 is dual of Boolean 
Theorem 1 and vice-versa. Applying duality principle, Theorem 4 is dual of Theorem 3 and vice- 
versa, Theorem 6 is dual of Theorem 5 and vice-versa, Theorem 8 is dual of Theorem 7 and vice- 
versa. To apply duality principle to a Boolean expression, we simply interchange OR and AND 
operator and replace 1’s by 0’s and 0’s by 1’s. 

(ii) Multivariable theorems. These theorems refer to the condition when more than one input 
to the logic gate are variable. Table 26.2 gives multivariable Boolean theorems. 
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Table 26.2 


Theorem 10. : A+B=B+A 
Theorem I]: A-B=B-A 
Theorem 12: A+(B+C)=(A+B)+C 
Theorem 13: A:-(B-OC)=(A-B)-C 
Theorem 14: A-(B+C)=A:-Bt+A-C 
Theorem 15: (A+B)-(C+D)=A-C+B-C+A-D+B-D 
Theorem 16 
Theorem 17 
Theorem 18 


Commutative Law 
Associative Law 


! Distributive Law 


De Morgan’s Theorems 


The following points may be noted about these theorems : 


(a) Theorems 10 and 11 obey commutative law. This law states that the order in which the 
variables are ORed or ANDed makes no difference. 


BS om 
NN 
+ 
B& 
mm by 
we) 
+ 
NN 


Fig. 26.27 


;_| }— = | )}— 
AB — BA 
B A 

Fig. 26.28 


Figure 26.27 illustrates the commutative law as applied to the OR gate while Fig. 26.28 illus- 
trates the commutative law as applied to an AND gate. 


(b) Theorems 12 and 13 obey associative law. This law states that in the ORing or ANDing of 
several variables, the result is the same regardless of the grouping of the variables. 


- A+B+C . A+B 
B 
, — 
B+C 
C C A+B+C 
Fig. 26.29 
A A 
| \— ABC 
B AB 
B 
| BC 
C C ABC 


Figure 26.29 illustrates the associative law as applied to the OR gate, while Fig. 26.30 illustrates 
the associative law as applied to an AND gate. 


Fig. 26.30 


(c) Theorems 14 and 15 obey distributive law. This law states that a Boolean expression can 
be expanded by multiplying term-by-term just the same as in ordinary algebra. 
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B A 
G B 
—= AB + AC 
A 
, A(B+O ; 
Fig. 26.31 
Fig. 26.31 illustrates the distributive law in terms of gate implementation. 
(d) We will prove Theorem 16 by factoring and using Theorems 2, 7, 10 and 14. 
At+tA:B =A:-1+A-B ... Lheorem 2 
= A-(1+8B) .. Lheorem 14 
= A-(B+1) ... Lheorem 10 
=A-1 ... Fheorem 7 
= A ... Theorem 2 


(e) Theorems 17 and 18 are the two most important theorems of Boolean algebra and were 
contributed by the great mathematician named De Morgan. Therefore, these theorems are called De 
Morgan’s theorems. 


26.22 De Morgan's Theorems 


De Morgan’s theorems are extremely useful in simplifying expressions in which a product or sum of 
variables is inverted. The two theorems are : 


(i) (AyB)=A4-B 

(ii) (AB)=A+B 

(i) The first De Morgan’s theorem may be stated as under : 

When the OR sum of two variables is inverted, this is equal to inverting each variable 
individually and then ANDing these inverted variables i.e., 

(A+B) = A-B 

In this expression, A and B are the two variables. The L.H.S. is the complement of the OR sum 

of the two variables. The R.H.S. is the AND product of individual inverted variables. 


(1) The second De Morgan’s theorem may be stated as under : 
When the AND product of two variables is inverted, this is equal to inverting each variable 
individually and then ORing them 1.e., 
(A-B) = A+B 
In this expression, A and B are the two variables. The L.H.S. is the complement of the AND 
product of the two variables. The R.H.S. is the OR sum of the individual inverted variables. 


26.23 Operator Precedence 


The operator precedence for evaluating Boolean expression 1s (i) parenthesis (ii) NOT (iii) AND and 
(iv) OR. In other words, the expression inside the parenthesis must be evaluated before all other 
operations. The next operation that holds precedence is the complement, then follows the AND and 
finally the OR. For example, consider the Boolean expression : 


A+B.(C+D) 
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The sequence of operations will be : 
(1) The expression inside the parenthesis (i.e. C + D) will be evaluated first. 


(ii) Then B will be evaluated. 
(iii) Then the results of the two (i.e. B and C + D) will be ANDed. 
(iv) Finally, the result of the product will be ORed with A. 


Example 26.13. Using Boolean algebraic techniques, simplify the following expression : 
Y = A-B-C-D+A-B-C-D+A-B-C:D+A:-B-C:D 
Solution. Y = A-B-C-D+A-B-C:-D+A-B-C:D+A-B-C:D m0, 


Step 1: Take out the common factors as below : 
Y = BCD(A+ A)+BCD(A+A) 
Step 2: Apply Theorem 3 (A + A= 1): 
Y = BCD+BCD 
Step 3: Again factorise : 
Y = BD(C+© 
Step 4: Apply Theorem 3 (C+ C= 1): 
Y = BD-1= BD 
This is the simplified form of exp. (1). 
Example 26.14. Using Boolean techniques, simplify the following expression : 
Y = AB+A(B+O4+B(B4+C0) 
Solution. Y = AB+A(B+C)+B(B+C) ...(7) 
Step 1: Apply Theorem 14 (distributive law) to second and third terms: 
Y = AB+AB+AC+BB+BC 
Step 2: Apply Theorem 6 (B- B= B): 
Y = AB+AB+AC+B+BC 
Step 3: Apply Theorem 5 (AB+AB=AB): 
Y = AB+AC+B+BC 
Step 4: Factor B out of last 2 terms : 
Y = AB+AC+B1+0C0) 
Step 5: Apply commutative law and Theorem 7(1+C=C+1=1): 
Y =AB+AC+B-1 
Step 6: Apply Theorem 2 (B-1=8B): 
Y = AB+AC+B 
Step 7: Factor B out of first and third terms : 
Y = B(A4+1)+AC 
Step 8: Apply Theorem 7 (A +1= 1): 
Y = B-1+AC 
Step 9: Apply Theorem 2(B-1=8B): 
Y = B+AC 
This is the simplified form of exp. (1). 
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Example 26.15. Simplify the following Boolean expressions to a minimum number of literals : 
(i) Y=A+AB (ii) Y= AB+AC+BC 
Solution. (i) Y = A+AB 

= A+AB+AB [.. A=A+AB from Theorem 16] 

=A+B(A+A) 

= A+B & A+A =1 from Theorem 3] 
Ep Y = A+B 
(ii) Y = AB+AC+BC 

= AB+AC+BC-(A+A) 

= AB+AC+ ABC + ABC 

= AB(1+C)+ AC (1+B) 

= AB+ AC 

Y = AB+ AC 


Example 26.16. Determine output expression for the circuit shown below and simplify it using 


De Morgan’s theorem. 


D 
Fig. 26.32 


Solution. The output expression for the circuit shown above is : 


Y [(A+B)-C-D] 
Using De Morgan’s theorem : 


Y = (A+B)+C+D 


Y = A+B+C+D 


Example 26.17. Find the complement of the expressions given below : 


(i) Y = ABC+ABC 
(ii) Y = A+(BC+BC) 
Solution. (i) Y = ABC + ABC 

Y = (ABC+ ABC) 
Applying De Morgan’s theorem : 

Y = (ABC)-(ABC) 


Again applying De Morgan’s theorem to the each expression inside the brackets : 
(A+B+C):(A+B+OQ) 
A (BC + BC) 


Y 
(it) Y 


Digital Hectronics @ 755 


Y = A(BC+BC) 
Applying De Morgan’s theorem : 
Y = A+(BC+BC) 
Again applying De Morgan’s theorem to the expression inside the bracket : 
Y = A+(BC)-(BC) 
Applying De Morgan’s theorem for the third time we get : 
Y = A+ (B+C)-(B+O 
or Y = A+BC+BC 


Example 26.18. Simplify the following Boolean expressions : 
(i) Y=(A+B+C):-(A+B) 
(ii) Y=AB+ABC + ABC 
iy Y= 14+A(B-C+BC +8 C)+ ABCs AC 
(iv) Y= (A+ B+C)+(B+O©) 
Solution. (7) Y = (A+B+C):(A+8B) 
= A-AtA-B+B-A+B-B+C-A+C:B 
Using A-A = A, we get, 
Y = A+AB+AB+B+AC+BC 


= A+tAB+B+AC + BC [°° AB+AB = AB] 
= A+B+AC+BC [. A+AB = A] 
= AUI+O+B(1+0) 
= A-1+B-1 [v 14+C=1] 
_ Y = A+B 
(ii) Y = AB+ABC+ ABC 
= AB+AB (C+C) 
= AB+AB [. C+C =] 
“, Y = AB 
(iii) Y = 1+A(B-C+BC+BC)+ABC+AC 
Using 1+A = 1, we get, 
Y = 1+ ABC +AC [- 1+ A(BC+ BC+ BC) = 1) 
= 1+AC 
y =1 


Thus, because of the first term Y reduces to 1. Therefore, any Boolean expression ORed with 1, 
results in 1. 


(iv) Y = (A+B+C)+(B+O) 
Applying De Morgan’s theorem : 
Y = (A+B+C)-(B+O©) 
Again applying De Morgan’s theorem : 
Y = (A-B-C)-(B-C) =0 [. B-B =0, C-C = 0] 
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Example 26.19. Simplify the following Boolean expression : 
Y = ABD+ABD 
Solution. Y = ABD+ABD 
Factoring out the common variables A B (using Theorem 14), we get , 
Y = AB(D+D) 
Using Theorem 3, D+ D = 1. 
Y= AB-1 
Using Theorem 2, we get, 
Y= AB 
Example 26.20. Simplify the following Boolean expression : 
Y = (A+B)(A+B) 
Solution. Y = (A+B)(A+B) 
The expression can be expanded by multiplying out the terms [Theorem 15]. 
Y= A-A+A-B+B-A+B-B 
Using Theorem 4, A-A = 0. AlsoB.B = B [Theorem 6]. 
Y = 0+A-B+B-A+B 
= A-B+AB+B 
Factoring out the variable B [Theorem 14], we have, 
Y= B(A+A+})) 
Using Theorem 7, A+1 = 1. 
Y= B(At+) 
Again using Theorem 7, At+1 = 1. 
Y= B-1 


Finally, using Theorem 2, we have, 
Y 


I 
S&S 


26.24 Combinational Logic Circuits 


We can combine two or more logic gates to form a logic circuit or digital circuit. When the resulting 
logic or digital circuit has no feedback and no memory, it is often called combinational logic circuit. 


A logic circuit consisting of two or more logic gates that has no feedback and no memory is 
called a combinational logic circuit. 

A combinational logic circuit is constructed using OR, AND and NOT gates. Therefore, the basic 
building block for combinational circuits is the logic gate. Since a combinational logic circuit has no 
feedback and no memory, its output depends only on the current value of its inputs. 


26.25 Boolean Expressions for Combinational Logic Circuits 


A combinational logic circuit (or digital circuit) often consists of several different logic gates, inter- 
connected in such a way as to perform a specific logic function. By using the laws, theorems and 
techniques of Boolean algebra, we can find the Boolean expression for any combinational logic 
circuit. Let us find Boolean expression for some logic circuits. 
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(i) Fig. 26.33 shows a logic circuit. It 
consists of two AND gates and one OR gate. 
Each of the three gates has two input variables. 
Because gate G, is an AND gate and its two 
inputs are A and B, its output is AB. The gate 
G, is also an AND gate and its two inputs are 
C and D so that its output is CD. The gate G, 
is an OR gate so that its output is the ORing of CD 
AB and CD, producing AB + CD. Therefore, 
the Boolean expression for the output of this 
logic circuit is 


AB 


Y=AB+CD 


Fig. 26.33 


Y=AB+CD 


(ii) Fig. 26.34 shows a logic circuit consisting of two AND gates and one OR gate. There are 
four (A, B, C and D) input variables. 


C CD 
D 
B+CD 
B 
A(B+CD 
j ( ) 
Fig. 26.34 


The variable C is ANDed with D and its output is CD. Then CD is ORed with B, giving an output 
(B + CD). This sum is then ANDed with A, resulting in the following Boolean expression : 
Y = A(B+CD) 
(iii) Fig. 26.35 shows a logic circuit consisting of three AND gates and one OR gate. There are 
Six input variables viz. A, B, C, D, E and F. 


A AB 

B 

B BCD 

C : Y=AB+BCD+EF 
D) 

E EF 

F 


Fig. 26.35 


The variables A and B are ANDed to produce AB, B, Cand D are ANDed to produce BCD and E and 
F are ANDed to produce EF. The input to OR gate is AB, BCD and EF so the output of this gate is the 
ORing of the inputs i.e. 


Y = AB+BCD+EF 
26.26 AND and OR Operations in Boolean Expression 


Itis very important to interpret AND and OR operations in the Boolean expression. Sometimes, there 
may be confusion as to which operation (AND or OR) in a Boolean expression is to be performed 
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first. For example, the Boolean expression *A - B + C can be interpreted in two different ways viz. 
(i) A-Bis ORed with Cor (it) A is ANDed with the term B+ C 
In order to avoid this confusion, it will be understood that if Boolean expression contains both 
AND and OR operations, the AND operations are performed first unless there are brackets in the 
expression in which case the operation inside the brackets is to be performed first. This is the same 
rule that is used in ordinary algebra to determine the order of operations. Let us illustrate this impor- 
tant point with examples. 
(i) Consider the Boolean expression: 
Y=A-B+C. Since there are no brackets in this 
expression, AND operation is to be performed a A-B 
first. In other words, first A and B are ANDed to B C LA Be, 
produce A - B and then A - B is ORed with C to 


give the final function: Y=A-B+C. The logic Fig. 26.36 
circuit representing this Boolean expression is shown in Fig. 26.36. 


(1) Consider the Boolean expression: Y = (A + B)-C. Since A + B is in the bracket, the 
OR operation is to be performed first. In 
other words, A is ORed with B to give (A + B) 2 A+B 
and then (A + B) is ANDed with Cto produce Y 2 C Y=(A+B)-C 
= (A + B) - C. The logic circuit representing 
this Boolean expression is shown in Fig. 26.37. Fig. 26.37 


Example 26.21. Write the Boolean expres- 
sion for the digital circuit shown in Fig. 26.38. 


Solution. The output of G, is A+ B. This 
output of G, is NANDed with C to yield Y = 


(A + B)C -Note that bracket around (A+ B )is Fig. 26.38 
required otherwise the expression may be inter- 
preted that A is NORed with B C. 


Example 26.22. Write the Boolean expression for the logic circuit (digital circuit) shown in 
Fig. 26.39. 


Y=ABC(A+D) 


Fig. 26.39 


Solution. There are two AND gates (viz. G, and G;) and one OR gate (G,). Also the circuit has 
two inverters. The input A is fed to G, through the inverter. Therefore, 4 , B and Care ANDed by G, 


to produce an output of A BC. The input A is ORed with D by G, to produce an output of (A + D). The 
inputs ABC and (A + D) to G,, are ANDed to produce the final output : 
Y = ABC (A+D) 


Recall that it indicates A ANDed with B and can be expressed as A-B or AB. 
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Example 26.23. Write the Boolean expression for the digital circuit shown in Fig. 26.40. 


A 


A+B — 
A+B)C n__ (AFB)C 
B ) @> Gg, be) 


C aD 
)e,>? + (A + B)-C 

D 

: 


Y=[D+(+B)C)E 


Fig. 26.40 
Solution. The output of G, is A + B. Then (A + B) and C are ANDed to produce an output of 
(A + B) C. Itis easy to see (A + B) C and Dare ORed by G, to produce an output of D+ (A + B)-C. 


Finally, D+(A + B)-C and E are ANDed by G, to produce the final output Y given by ; 


Y = [D+ (A+B)C]-E 


Example 26.24. Illustrate the commutative law of (i) addition and (ii) multiplication of two 
variables. 
Solution. 


(1) The commutative law of addition states that the order in which the variables are ORed 
makes no difference. This law for the addition of two variables A and B can be written as: 


A+B = B+A 


bys 
Ss 
+ 
tp 
| 

moby 
by 
+ 
Ss 


Fig. 26.41 


Fig. 26.41 illustrates the commutative law as applied to the OR gate. 


(11) The commutative law of multiplication states that the order in which the variables are ANDed 
makes no difference. This law for the multiplication of two variables A and B can be written as : 


AB = BA 


A B 
— Se ye 
B A 
Fig. 26.42 


Fig. 26.42 illustrates the commutative law as applied to the AND gate. 


Example 26.25. Illustrate associative law of (i) addition and (ii) multiplication as applied to 
Boolean algebra. 

Solution. 

(i) The associative law of addition states that in the ORing of several variables, the result is the 
same regardless of the grouping of the variables. This law for the addition of the three variables A, B 
and C'can be written as: 

A+(B+C) = (A+B)4+C 
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A 
A+(B+O©) 
. ets — (4+B)+C 
C 
Fig. 26.43 


Fig. 26.43. illustrates this law as applied to OR gates. 


(ii) The associative law of multiplication states that it makes no difference in what order the 
variables are grouped when ANDing several variables. This law for the multiplication of the three 
variables A, B and C can be written as : 


A(BC) = (AB)C 


A 
A(BC) A 
B BC = 
. , (AB)C 


Fig. 26.44 
Fig. 26.44 illustrates this law as applied to AND gates. 
Example 26.26. Illustrate distributive law as applied to Boolean algebra. 


Solution. This law states that ORing several variables and ANDing the result with a single 
variable is equivalent to ANDing the single variable with each of the several variables and ORing the 
products. The distributive law can be written for three variables (A, B and C) as under : 


A(B+C) = AB+BC 


A 
B 
B 
AB+AC 
4 A(B+C) = y 
co 
Fig. 26.45 


Fig. 26.45 illustrates the distributive law in terms of gate implementation. 


Note. The commutative law, the associative law and the distributive law of Boolean algebra are applicable 
regardless of the number of variables involved. 


26.27 Truth Table from Logic Circuit 


The output of a logic circuit for the given inputs can be determined directly from the circuit without 
using the Boolean expression. The procedure is to take a given set of inputs and work through each 
gate of the circuit to determine the final output. Let us illustrate 
the procedure with an example. Consider the logic circuit shown 
in Fig. 26.46. It consists of two AND gates and one OR gate. Each 
of the three gates has two input variables. Each of the input vari- 
ables can be either a high (1) or a low (Q). Since there are four 
input variables, there are 16 possible combinations of the input 
variables Oo = 16). We shall develop the truth table for the circuit 
without using the Boolean expression for the circuit. Fig. 26.46 
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First, suppose each input is low (i.e. A=0, B=0, C=0 and D=(). Under this condition, we shall 
examine the output of each gate in the circuit to arrive at the final output Y. If the inputs to gate G, are 
low (0), the output of G, is low (0). Also the output of G, is low (0) because both inputs are low (0). 
The two low inputs to G, also make its output low (Q). Therefore, the output of the logic circuit is low 
when all the inputs are low as shown in the truth table. Similarly, we can find the output of the circuit 
for the remaining 15 input combinations. 


Truth Table 
Y-~AB+CD 


A BCD (AB) (CD) r 
Toooo | 0 | 0 | 0 
Tooor | 0 [| 0 | 0 
Toor [0 [| 0 | 0 
Too | o | a1 
[oreo | 0 | 0 | 9 
Toror | 0 | 0 | 0 
Torre] 0 | 0 0 
Tiooo | 0 | 0 | 9 


Note. We can also construct the truth table by devel- 
oping the Boolean expression from the logic circuit. The 
logic circuit shown above (See Fig. 26.46) is redrawn as 
ele : Fig. 26.47. The Boolean expression for this logic y=AB+CD 

Y = AB+CD 

Now simply put in the values for each combina- 
tion of inputs and use the Boolean rules and laws to 
determine the final output Y. For example, when A = 1, 
B=1, C=1 and D=(0, the final output is 

Y = AB+CD 
= 1.14+1.0 
= 1+0 
=] 
Similary, we can find Y for the remaining 15 input combinations to get the truth table shown above. 


CD 


Fig. 26.47 
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26.28 Developing Logic Circuit from its Boolean Expression 


We have seen how we can derive the Boolean expression for a given logic circuit. We now do the 
Opposite i.e. create the logic circuit from its Boolean expression. Consider the following Boolean 
expression : 

X = AB+CD 


The function is composed of two terms, AB and 
CD, and it contains four variables. The first term is 
formed by ANDing A and B and the second term is 
formed by ANDing C and D. These two terms are then 
ORed to form the function X. The logic gates required 
to implement X = AB + CD are as follows : 


(i) Twotwo-input AND gates to form AB and CD. Fig. 26.48 
(ii) One two-input OR gate to form the final func- 
tion X (=AB+ CD). 
The logic circuit that performs the function X = AB + CD is shown in Fig. 26.48. 
Example 26.27. Drawn the logic circuit that implements the expression X = AB + CDE. 
Solution. 
X = AB+CDE 


The function is composed of two terms,AB_—, 
and CDE, and it contains a total of five variables. 
The first term is formed by ANDing A and B and 
the second term is formed by ANDing C, D and 
E.. These two terms are then ORed to form the 
function X. The logic gates required to implement 
X= AB + CDE are as follows : 

(i) One two-input AND gate to form AB. Fig. 26.49 

(it) One three-input AND gate to form CDE. 

(iii) One two-input OR gate to form the final function X (= AB + CDE). 

The logic circuit that performs the function X = AB + CDE is shown in Fig. 26.49. 


| 
CDE ! 


BSN 


Example 26.28. Draw the logic circuit that implements the expression X = AB + BC. 
Solution. 
X = AB+ BC 
The function is composed of two terms, AB and BC, and it contains three variables. The first 
term is formed by ANDing A and B and the 


second term is formed by ANDing B and 
C. These two terms are thenORedtoform 4 
the final function. The logic gates required 


X=AB+BC 


to implement X=AB+ BC areas follows: 


(i) One inverter to form B. 

(1) Two two-input AND gates to form Fig. 26.50 
AB and BC. 

(iii) One two-input OR gate to form the final function X (=AB+ BC ). 


The logic circuit that performs the function X =AB+ BC is shown in Fig. 26.50. 
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Example 26.29. Draw the logic circuit that implements the expression X = AB(CD + EF). 
Solution. 


X = AB(CD +EF) 

A breakdown of this equation shows that the term AB and the term CD + EF are ANDed. The 
term AB is formed by ANDing the variables A and B. The term CD + EF is formed first by ANDing 
Cand D,ANDing E and F and then ORing these two terms. The logic gates required to implement 
X=AB(CD +EF) areas follows : 

(i) One inverter toform D. 

(ii) Two two-input AND gates to form CD and EF. 

(iii) One two-input OR gate to form CD + EF. 

(iv) One two-input AND gate to form AB. 

(v) One two-input AND gate to form X [=AB ( CD + EF). 


: - 
B 
i D = + 
D po 
Ds. .- 
. > 
F 


Fig. 26.51 
The logic circuit that forms the function X= AB(CD + EF) is shown in Fig. 26.51. 
26.29 Sum-of-Products Form 


The sum-of-products form of a Boolean expression consists of two or more AND terms (i.e. prod- 
ucts) that are ORed together. For example, AB + CD is a sum-of-products expression. Here AND 
terms AB and CD are ORed (added). Other examples of this form are : 


(i) ABC + ABC 


i ao A AB 
(i) ABC + DEF + AEF , 
(iii) A+ BCD + EFG 
-of- B 
The sum-of, products is a very useful form C BCD Y=AB + BCD +EF 
of a Boolean expression due to the straight- )p 


forward manner is which it can be imple- 

mented in logic gates. For example, Fig. 

26.52 shows the logic circuit that results in 7 EF 

a sum-of-products form. Ithassimplytwo F 

steps: ANDing and then ORing. Therefore, Fig. 26.52 
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this form is always only a two-level gate network i.e. the maximum number of gates through which a 
signal must pass in going form input to output is two (excluding inversions, but these can also be 
worked in). 


26.30 Simplification of Boolean Expressions 


The form of Boolean expression determines how many and which types of logic gates are needed as 
well as how they are connected together. The more complicated the Boolean expression, the more 
complex the logic circuit will be. It is, therefore, desirable to simplify an expression as much as 
possible to get the simplest logic circuit. Note that the new expression can be used to implement a 
logic circuit that is equivalent to the original logic circuit but contains fewer gates and connections. 
While simplifying a Boolean expression, the following two steps may be very helpful: 

(i) Put the original expression into the sum-of-products form by the repeated use of rules, theo- 
rems and techniques of Boolean algebra. 

(ii) Once it is in this form, the product terms are checked for common factors and factoring is 
performed wherever possible. 

Illustration. Fig. 26.53 shows the logic circuit. The Boolean expression for this circuit is 


X = ACD + AB(CD + BC) 


We require five AND gates, two OR gates and two inverters to implement this expression. In all, 
nine gates are needed. We shall now use laws, rules and techniques of Boolean algebra to get the 
simplest expression for the given function. 


Fig. 26.53 


Step 1. Apply distributive law to the second term by multiplying the term CD + BC by AB. 
The result is : 


X = ACD + ABCD + ABBC 
Step 2. Applying the rule BB = B to the third term, we have, 
X = ACD + ABCD + ABC 
Step 3. Note that Cis common to every term so that it can be factored out using distributive law. 


X = C(AD+ ABD + AB) 
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Step 4. We see that the term AB appears in the last two terms within the bracket and can be 
factored out of those two terms. 


x 


C [AD + AB (D +1)] 


Since D+1=1, X = C(AD+ AB) 


It appears that this equation cannot be simplified any further, but is can be written in a slightly 
different way by applying the distributive law (this results in the sum-of-products form): 


X = ACD + ABC 


Fig. 26.54 


Implementing this equation (i.e. X = ACD + ABC) into the logic circuit, it only requires two 
three-input AND gates, two inverters and one two-input OR gate as shown in Fig. 26.54. Note that 
this minimised circuit is equivalent to the original circuit of Fig. 26.53 but only requires five gates 
(instead of nine). 


Example 26.30. Simplify the expression : 

X = ABC + ABC + ABC + ABC 
Solution. 

X = ABC + ABC + ABC + ABC 


Step 1. Note that the first two terms have BC as common factors while the last two terms have 
AB as common factors. 


X = BC(A+A)+AB(C+C) 
Step 2. A+A =landC+C =1 so that: 
X = BC-1+AB-1 
Step 3. Since BC-1 = BC and AB-1=AB so that: 
X = AB+ BC 
Note that not only is the Boolean expression simplified, but so is the resultant logic circuit. 
Example 26.31. Simplify the expression : 
X = AB+A(B+O+4+B(B4+0C) 
Solution. 
X = AB+A(B+OCO)+B(B4+0) 
Step 1. Applying distributive law to the second and third terms, we have, 
X = AB+AB+AC+ BB+ BC 
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Step 2. Now BB = Band AB+AB=AB so that: 
X = AB+AC+B+BC 

Step 3. B+BC Bil+OQO=B-1=B 

. X = AB+AC+B 

Step 4. Factoring B out, we have, 
X = BA+1)+AC 

Step 5. A+1=1sothat B(A+1)=B-1=B. 

he X = B+AC 

The original expression is simplified as far as it can go. Once you get acquainted with Boolean 

simplification techniques, you can combine many individual steps. 


Example 26.32. Simplify the circuit of Fig. 26.55 (i). 


A . A 
B x B Xx 
(i) 


(ii) 


Fig. 26.55 

Solution. The Boolean expression for the circuit shown in Fig. 26.55 (i) is 

X = (A+ B)(A+B) 
Step 1. Multiplying out to get the sum-of-products form, we have, 

X = AA+AB+BA+ BB 
Step 2. Now AA =0and pp =0s0 that: 

X = AB+ AB 
This expression is implemented in Fig. 26.55 (ii). If you compare the circuit with the original 


circuit, you see that both circuits contain the same number of gates and connections. Therefore, the 
simplification process has not produced a simpler circuit but it has produced an alternative circuit. 


26.31 Binary Addition 


The addition of two binary numbers is performed in exactly the same manner as the addition of 
decimal numbers. In fact, binary addition is simpler, because we have only two digits (0 and 1). When 
adding binary numbers, the following rules apply : 

0+0 =0 

1+0=1 

1+1 = 10=0+carry of | into next position 
1+1+1 = 11=1+ carry of | into next position 

It is not necessary to consider the addition of more than two binary numbers at a time. It is 
because the circuitry that actually performs the addition in a digital system can handle only two 
numbers at atime. When more than two numbers are to be added, the first two are added together and 
then their sum is added to the third number and so on. 

Examples. Let us illustrate binary addition with two examples. 


* This is the alternate symbol for the inverter. 
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(i) Let us add the following two binary numbers : 
101 
+010 


111 


The addition is done column by column starting at the right as it is in the decimal number system. 
For the first column, 1 + 0 = 1 and for the second column, 0 + 1 = 1. For the third or last column, 1 + 
Q = 1. This produces a sum of 111. 


(ii) Let us now add the following two binary numbers : 
10111 
+ 10010 


101001 


For the first column, 1 + 0 = 1. In the second column, we have, 1 + 1 = 10 =0 witha carry of 1. 
For the third column, we have, 1 + 0 + carry of 1 = 1+ 1 = 10=0 witha carry of 1. For the fourth 
column, 1+0+0Q0=1+0=1. For the fifth column, we have 1 + 1 = 10=0 with acarry of 1. This 
produces a sum of 101001. 


Binary addition is the most important arithmetic operation in digital systems. It is because the 
operations of subtraction, multiplication and division as they are performed in most modern digital 
computers and calculators actually use only addition as their basic operation. To be an intelligent 
worker on digital equipment, you must master binary addition. 


26.32 Electronic Adders 


A logic circuit that performs the function of binary addition is called electronic adder or adder. The 
adder circuit consists of properly connected logic gates. There are usually two forms of the adder in 
common applications viz. (1) half adder (ii) full adder. 


(i) Half Adder (HA). A logic circuit that can add two binary bits is called a half adder (HA). 
Fig. 26.56 (i) shows the block symbol for the half adder. The adder circuit would need two inputs and 
two outputs. The two inputs are for the two digits to be added, either 0 or 1. One output terminal is for 
the sum of the two inputs and the other output 1s for the carry, if necessary. Fig. 26.56 (ii) shows the 
addition table of the adder and can be thought of as a truth table. The numbers being added are on the 
input side of the table. The truth table has two output columns, one column for the sum and one 
column for the carry. The sum column is labeled with summation symbol 2. The carry column is 
labeled with C,. The C,, stands for carry output or carry out. Thus the half adder circuit has two inputs 
(A, B) and two outputs (2, C,). 


Truth Table 
Inputs Outputs 
B ague Co(Carry out) 
. Binary digits to os ty 
be added 


(zi) 


Fig. 26.56 


The half adder would behave according to the truth table shown in Fig. 26.56 (ii). Take a careful 
look at the truth table. The output columns (sum and carry) can be produced by using two gates as 
under : 
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(a) The sum column is the output of XOR gate. Half Adder 
. Inputs Outputs 

Remember that XOR gate has HIGH output when e1- 
ther input is HIGH but not when both inputs are the A 
same. B 

(b) The carry column is the output of the AND 
gate. Both inputs must be HIGH for there to be a HIGH 
in the output. 


> (Sum) 


Thus we can produce half adder using a two-in- Fig. 26.57 
put AND gate and a two-input XOR gate as shown in 
Fig. 26.57. The half adder circuit adds only the LSB column (1s column) in a binary addition prob- 
lem. The reason is that it has no input for a carry-in. 

(it) Full Adder (FA). A full adder adds two binary bits plus a carry input (C,,) to produce the 
sum (2) and carry (C,,) outputs. Fig. 26.58 (i) shows the block diagram of a full adder. It is formed by 
using two half adder circuits and an OR gate as shown in Fig. 26.58 (iii). Note the carry-in input 
which requires the extra half adder. The output of the OR gate forms the carry-out (C,) output. 

Truth as 


Cin ~ 
Inputs 4 bt Outputs 
B Co 
(7) 


(iii) 
Fig. 26.58 


The full adder has three inputs : C,,, A and B. These three inputs must be added to get the & and 
C,, outputs. Fig. 26.58 (ii) shows the truth table for a full adder. It shows all the possible combinations 
of A, B and C,,. The full adder is used for binary addition in all places except the Is place which 
means 2s, 4s, 8s etc. 


26.33 Flip-Flops 


A flip-flop is a bistable circuit made up of logic gates. A bistable circuit can exist in either of two 
stable states indefinitely and can be made to change its state by means of some external signal. The 
most important use of this property is that a flip-flop can “store” binary information. We have seen 
that a logic gate can make a logical decision based on the immediate conditions at the input terminals. 
However, the gates normally do not have a memory characteristic to retain the input data. On the 
other hand, flip-flops have the valuable feature of remembering. The reason is that a flip-flop circuit 
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is bistable. Because the flip-flop’s output remains at a 0 or 1 depending on the last input signal, the 
flip-flop can be said to “remember”. Another name for the flip-flop is bistable multivibrator. We shall 
discuss two important types of flip-flops viz. (1) R—S flip-flop and (ii) J—K flip-flop. 

(i) R-S Flip-Flop. The *R-—S type is the basic flip-flop logic circuit. Fig. 26.59 (i) shows the 
logic symbol for an R-—S flip flop. It has two inputs called set (S) and reset (R). The two outputs are 


labeled as Q and Q . In flip-flops, the outputs are always opposite or complementary. In other words, 


if output Q = 1, then output QO =(and so on. Note the small bubbles for inversion at the S and R input 
terminals. The bubbles show that this FF has active LOW inputs. Logic 0 is required to activate the R 
or S input. 


Truth Table 


sa billie ae ae a a 
a 
Reset 


(Nota ~=|__—Cisabled =| 1 | 1 | Nochange 
(Not Q) Disabled 4 4 No change 


(ii) 


Fig. 26.59 


The exact behaviour of a flip-flop is defined by its truth table shown in Fig. 26.59 (ii). In the left 
column, the four modes of operation are : 

(a) Prohibited mode. When the S and R inputs are both 0, both outputs go to a logical 1. This is 
called a prohibited state for the flip-flop. This mode is not used because it drives both outputs HIGH. 
A flip-flop must operate with complementary outputs. 

(b) Set mode. The second line of truth table shows that when input S is 0 and R is 1, the Q output 
is set to logical 1. This is called the set mode. In this FF, the bubble at S means that a LOW here makes 
Q go HIGH. 

(c) Reset mode. The third line of the truth table shows that when input R is 0 and S is 1, output 
Q 1s reset (cleared) to 0. This is called the reset mode. In this FF, the bubble at R means a LOW here 
resets Q to make it LOW. 

(d) Disabled mode. The fourth line of the truth table shows both inputs (R and S) at 1. This is the 


idle or at rest condition and leaves Q and Q in their previous complementary states. This is called 


disabled state because there is no change. The outputs stay as they were, with Q either set or reset. 
Because of the disabled mode, the flip-flop “remembers” the preceding state by remaining at that 
state until it is switched. That operation is possible because a flip-flop is a bistable circuit. 

(i) J—K Flip-Flop. The J—K flip-flop is probably the most widely used and is considered the 
universal flip-flop because it can be used in many ways. The logic symbol for the J—K flip-flop is 
illustrated in Fig. 26.60 (i). The inputs labeled J and K are the data inputs. The input labeled CLK is 


the clock input. Outputs Q and Q are the usual normal and complementary outputs. 


Fig. 26.60(ii) shows the truth table for the J—K flip-flop. This table shows four useful modes of 
operation. When the J and K inputs are both 0, the flip-flop is in the hold (or disabled) mode. In the 
hold mode, the data inputs have no effect on the outputs. The outputs “hold” the last data present. 
Lines 2 and 3 of the truth table show the reset and set conditions for the Q output. Line 4 of the truth 


* Tt is reset/set type flip-flop and hence the name R—S flip-flop. 
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table illustrates the useful toggle position of the J—K flip-flop. When both data inputs J and K are at 
1, repeated *clock pulses cause the output to turn off-on-off-on-off-on and so on. This off-on action 
is like a toggle switch and is called toggling. Each clock pulse toggles the outputs to switch to their 
Opposite states. 


Truth Table 


Inputs Outputs 


Effect on 
Data 
No No change 
Data Complementary 


Reset or 
rest | TL [0] +] 0] + |acsea eo 
pe PLP ae 

Changes to 
state 


(7) 


(ii) 
Fig. 26.60 
MULTIPLE-CHOICE QUESTIONS 
1. The binary number 10101 is equivalent to 7. Digital circuit can be made by the repeated 
decimal number ..............006 USC Of civiccevecerriens 
(i) 19 (ii) 12 (i) OR gates (ii) NOT gates 
(iii) 27 (iv) 21 (iii) NAND gates (iv) none of the above 
2. The universal gate is «0.0... 8. The only function of NOT gate is to ............ 
(i) NAND gate (ii) OR gate (i) stop a signal 
(iii) NOT gate (iv) none of the above (ii) invert input signal 
3. The inverter iS ............ceee (iii) act as auniversal gate 
(i) NOT gate (ii) OR gate (iv) none of the above 
(iii) AND gate (iv) none of the above 9. When an input signal | is applied toa NOT 
4. The inputs of a NAND gate are connected gate, the OULPULIS ....... eee eeeeee 
together. The resulting circuit is (i) 0 
sense Ab pestienaaNses (ii) 1 
(i) OR gate (ii) AND gate (iii) either 0 or 1 
(iit) NOT gate (iv) none of the above (iv) none of the above 
5. The NOR gate is OR gate followed by......... 10. In Boolean algebra, the bar sign (-) indi- 
(i) AND gate (ii) NAND gate COLES: cicasaravacraomaanen 
(iii) NOT gate (iv) none of the above (i) OR operation 
6. The NAND gate is AND gate followed by (ii) AND operation 
eyaeimraiane esate (iii) NOT operation 
(1) NOT gate (ti) OR gate (iv) none of the above 


(iii) AND gate (iv) none of the above 


* The clock pulses occur at some fixed interval, say after every 10 microsecond. 
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11. The given Boolean expression is 13. A4-B) e ees 
Y=AB+BA (i) A+B (ii) A-B 
If A= 1 and B= 1, then Y= (iii) A-B (iv) none of the above 
\ | 7 
a a A, (AB) = cecccrssssssssesee 
(iii) either 1 orQ (iv) none of the above a 2s 3 
12. In Boolean algebra, the plus sign (+) indi- (i) A+B (ii) A-B 
CALCS ica statcansassntan (iii) A-B (iv) none of the above 
(i) AND operation 15, AA 2B a icpmiriamonss 
(ii) OR operation (i) B (ii) A 


(iii) NOT operation 


(iii) A+B (iv) none of the above 


(iv) none of the above 


el eS on 


oe oe oe SS 


Answers to Multiple-Choice Questions 


2 (i) oe C2) 4. (iii) 
7. (i) 8. (ii) Me. (2) 
12. (ii) 13. (iii) 14. (i) 


Chapter Review Topics 


Write a short note on analog and digital signals. 
What is a digital circuit ? 

What is binary number system ? 

How will you make decimal to binary conversion ? 
How will you make binary to decimal conversion ? 
What is a logic gate ? 

What are the three basic logic gates ? 

Describe OR function with a 2-input OR gate. 
Explain AND function with a 2-input AND gate. 
What is a NAND gate ? 


. What is a NOR gate ? 


How will you obtain NOT gate from NAND gate ? 


. What is indicated by plus (+), dot (.) and bar (—) in a Boolean expression ? 


State De Morgan’s theorems. 


. What are encoders and decoders ? 


Problems 
. Convert decimal number 23 into equivalent binary number. [(10111),] 
Simplify the expression Y= AC D+ ABCD. [Y= AC+BD] 


. Simplify the expression Y= (A+ C)-(B + D) to one having only single variables inverted. 


[Y= AC+BD ] 
Find the complement function of Y = ABC+ABC. [(A + B + C)(A+B+ C )] 
Simplify the expression Y=A-B+A- B. [LY =A] 


Simplify the expression Y=A-B-C+B-C. [Y=B:-C] 
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7. Simplify the following Boolean expression to a minimum number of literals : 


Y = A(A+B) [Y = AB] 
8. Simplify the following Boolean function to a minimum number of literals : 

Y = ABC+ABC+AB [Y= AC+AB] 
9. Simplify the expression: Y = (A+B) (A +C)(B+C) [Y =(A +B) (A +C)] 


10. Find the complement of the function : 
Y = A(BC+BC)H [Y=A+(B+C)(B+C)] 


11. Draw the logic circuit for the following Boolean expressions : 


(i) Y=ABC+ D (ii) Y=(EG +B)H 
Ans. A 
B 
C E 
y G 
B 
D Y 
H 
(7) (ii) 
12. A logic circuit is given by the Boolean escperssion: Y= Ans. A 
AB +C . Draw the logic circuit for this expression. B 
13. Write the Boolean expressions for the logic circuits shown C J 
in Fig. 26.61. 
(iii) 
A E 
B F 
GC Y Y 
G 
D 
if 
(7) (ii) 
Fig. 26.61 


[Ans. :- (2) Y= AB +C+D (ii) Y= (EF + F)(GH) 


14. Write the Boolean expression for the logic circuit shown in Fig. 26.62. 


S 


Fig. 26.62 
[Ans. :- Y= (AB+C) DE ] 


Digital Electronics @ 773 
15. Write the BCD code for 829. 
[100000101001] 


16. What is the decimal number for 10000111000 BCD ? 
[438] 


Discussion Questions 


Why is logic circuit name so ? 

What is the importance of digital techniques ? 

Why is analog system unreliable ? 

What is the importance of NAND gate ? 

What is Boolean algebra ? 

What is the importance of De Morgan’s theorems in Boolean Algebra ? 
What is the meaning of + sign in Boolean expression ? 


Give two differences between decimal and binary systems. 


1. 
2. 
fF 
4. 
5. 
6. 
Te 
8. 
9. 


What are the disadvantages of digital circuits ? 


bo 
= 


What are the advantages of Boolean theorems ? 


= 
= 


What is the meaning of sign . in Boolean expression ? 


— 
~ 


What is a universal gate ? Why is it so named? 


i 
” 


Most of information we handle is in decimal form. Will a digital circuit process this information as 
such? 


_— 
> 


What role is played by encoder and decoder? 


A 


Acceptor atoms, 64 

A.C. equivalent circuit, 248 

A.C. load line, 251 

Active region, 475 

Alpha, 148 

Amplitude modulation, 414 

Amplification, 146 

Amplifier: 
Class A power, 312 
bandwidth, 284 
Class B power, 312 
Class C power, 313 
Class C tuned, 402 
direct coupled, 299 
distortion in, 311 

AND gate, 740 

Anode, 33 

Antenna, 413 

Astable multivibrator, 478 

Audio amplifier, 307 

Avalanche breakdown, 72 


B 
Band: 


conduction, 51 


valence, 51 
Bandwidth, 284 


Barrier potential, 67 
Base, 143 
Bel power gain, 283 
Bel voltage gain, 284 
Beta, 153 
Binary system, 730 
Bipolar transistor, 146 
Bi-stable multivibrator, 482 
Boolean algebra, 748 
Breakdown: 
Avalanche, 72 
Zener, 108 
Bridge rectifier, 92 
Bypass capacitor, 242 


C 


Capacitor filter, 103 
Cathode, 33 


Cathode ray oscilloscope, 616 


CE amplifier, 164 

Chassis, 24 

Chip, semiconductor, 628 
Choke input filter, 104 
Clampers, 495 

Class A operation, 312 
Class B operation, 312 
Class C operation, 313 
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Clippers, 487 Full-wave rectifier, 94 
Collector, 143 Electromagnetic deflection, 618 
Collector feedback bias, 209 Electrons, 4 

Colpitts oscillator, 372 Electron emission, 28-37 

CB amplifier, 148 Electron gun, 617 
Complementary-symmetry, 330 Electron-hole pair, 61 

Conduction band, 51 Emitter, 143 

Constant current source, 9 Emitter follower, 349 

Constant voltage source, 8 Encoder, 746 

Coupling capacitor, 242 Energy band theory, 50 

Covalent bond, 56 Equivalent circuit of amplifier, 272 
Crystal oscillator, 383 Equivalent circuit with signal source, 272 
Current feedback, 347 Epitaxial layer, 630 

Current gain, 173 Exclusive OR gate, 744 


Cut-off frequency, 285 Extrinsic semiconductor, 62 


Expression for collector : 


D 


efficiency, 313 

D.C. amplifier, 299 F 
D.C. equivalent circuit, 247 
Decibel, 283 Feedback, 335 
Depletion layer, 67 Feedback amplifier, 337 
Diac, 586 JFET importance, 510 
Differential amplifier, 664-687 pieiC UCC UMANSSIOE O07 
Diffusion, 67 Field emission, 34 
Digital circuit, 730 Filter circuit, 103 
Diode circuits, 76-124 none uee 
Direct coupling, 299 Forbidden gap, 51 
Discrete circuit, 627 Piecclecwon® 
Distortion, 311 Free-running multivibrator, 478 
Deneraon6s Frequency modulation, 426 
Doping, 62 Frequency response, 283 
Double based diode, 590 G 
Drain-source curve, 511 Gain: 
Driver stage, 325 power, 173 
Dynamic resistance, 79 voltage, 173 
Dual-in-line pack, 635 gate, 507 

E ground, 24 
Efficiency: H 


Half-wave rectifier, 88 Hartley oscillator, 374 
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Holding current, 558 AM, 414 
Hole current, 61 FM, 426 
Heat sink, 322 Monolithic IC, 629 
Hybrid, 643 MOSFET, 535 
Multicolour LEDs, 128 
| Multivibrators : 
astable, 478 
Inductor filter, 104 bistable, 482 
Insulated gate, 536 monostable, 480 
Integrated circuit, 628 N 
Interstage coupling, 281 
NAND gate, 742 
Intermediate frequency, 434 
Negative feedback, 336 


Intrinsic semiconductor, 62 , 
n-p-n transistor, 142 


Intrinsic stand off ratio, 592 n-type semiconductor, 62 


Impedance matching, 296 Noise, 311 
Input impedance, 172 NOR gate, 743 
J NOT gate, 742 
Junction, pn, 66 O 
Junction diode, 77 Operational Amplifiers, 662-728 
Junction transistor, 142 Block diagram, 663 
K Input/output Polarity relation, 689 
Voltage gain, 688 
Knee voltage, 72 Values of supply voltage, 690 
L Optoisolator, 133 
OR gate, 739 
Large signal operation, 312 Oscillators: 
LC oscillators, 371-376 Collpits. 372 
Leakage current, 71 Crystal, 383 
Light-emitting diode (LED), 126 Hartley, 374 
Load D.C. and A.C., 248, 249 L.C., 371-376 
Load line: Phase shift, 377 
a.c., 251 Tuned collector, 371 
Coen? Wein bridge, 378 
Local oscillator, 433 


il] 616 
Logic gates, 738 O81 wera 
Output resistance, 172 


M Over voltage detector, 595 
Max. A.C. power output , 314 Oxide coated emitter, 32 
Max. collector efficiency, 314 Pp 
Majority carriers, 65 
Microelectronics, 627 p-type semiconductor, 64 
Minority carriers, 65 Peak inverse voltage, 73 


Modulation: Pentavalent atoms, 63 
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Phase-shift oscillator, 377 
Photo-diode, 130 
Photo-emission, 35 
Piezo-electric effect, 380 


m-filter, 104 

Pinch off voltage, 513 
p-n-junction, 66 

p-n-p transistor, 142 
Positive clipper, 487 
Power dissipation, 311 
Power gain, 173 
Push-pull amplifier, 326 


Q 


Quartz crystal, 381 
Quiescent point, 167 


R 


RC differentiator, 483 
RC integrator, 486 

RC oscillator, 377 

RC coupling, 289 
Rectifiers, 87 

Relaxation oscillator, 595 
Reverse bias, 68 

Ripple factor, 101 


S 


Saturation collector current, 473 


Saturation region, 474 
Sawtooth wave, 619 
Secondary emission, 34 
SCR, 555 

Semiconductors, 56 
Shockley diode, 137 
Sideband frequencies, 418 


Stabilisation, 197 
Stand off voltage, 592 


Substrate, 629 
Superhetrodyne receiver, 433 


Thermal runaway, 197 
Thermionic emisssion, 30 
Thevenin's theorem, 15 
Thyristor, 555 
Transformer coupling, 294 
Transistor: 

AM modulator, 419 

CB, 148 

CC, 162 

CE, 152 
Trivalent impurity, 64 
Tuned collector oscillator, 371 
Tunnel diode, 134 


U 


Uni-junction transistor, 589 


Unipolar transistor, 510 


V 


Varactor-diode, 136 
Voltage divider bias, 212 
Voltage regulator, 448 


Voltmeter, electronic, 609 


W 


Wein bridge oscillator, 378 
Window, 631 


X 
X-cut, 380 

™ 
Y-cut, 380 

Z 


Zener breakdown, 108 
Zener diode, 108 

Zener diode regulator, 110 
Zener symbol, 109 


